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Introduction 


From  the  mid  to  late  1990s,  the  Defence  Evaluation  and  Research  Agency  (DERA), 
Famborough,  United  Kingdom,  conducted  a  rotary-wing  (helicopter)  research  effort 
known  as  the  Day/Night  All  Weather  (D/NAW)  program.  The  principal  aim  of  this 
program  was  to  enable  safe  tactical  helicopter  flight  in  severely  limited  visibility.  The 
major  focus  of  the  program  was  advanced  helmet-  or  head- mounted  display  (HMD) 
technologies  and  the  associated  symbology  design  issues  (Crowley,  1 998). 

HMDs  are  devices  or  systems  that  present  the  pilot(s)  with  pilotage  imagery,  flight 
information,  and/or  fire  control  (weaponry)  imagery  and  symbology  (Rash,  1999).  They 
are,  by  definition,  head-  or  helmet- mounted  systems.  Melzer  and  Moffitt  (1997)  describe 
an  HMD  as  minimally  consisting  of  “an  image  source  and  collimating  optics  in  a  head 
mount.”  Rash  (2000)  expands  this  description  to  include  a  visual  coupling  system  which 
performs  the  function  of  slaving  head  and/or  eye  positions  and  motions  to  one  or  more 
aircraft  systems.  Examples  of  rotary-wing  HMDs  include  the  U.  S.  Army’s  fielded 
Integrated  Helmet  and  Display  Sighting  System  (IHADSS)  used  on  the  AH- 64  Apache 
attack  helicopter  and  the  under- development  Helmet  Integrated  Display  and  Sight  System 
(HIDSS)  to  be  used  on  the  RAH-66  Comanche  helicopter. 

From  March  to  September  1997,  under  the  auspices  of  the  D/NAW  program,  a  series 
of  flights  was  flown  to  establish  baseline  flight  performance  for  future  HMD  performance 
comparisons.  These  flights  consisted  of  several  flight  path  maneuvers  (e.g.,  slalom,  rapid 
egress,  side-step,  etc)  and  visual  environments,  defined  by  the  mode  of  visual  information 
presentation  (i.e.,  unaided  day,  using  night  vision  goggles  (NVGs),  and  using  two  HMD 
configurations).  For  safety  considerations,  all  flights  except  with  NVGs  were  conducted 
during  the  day. 

As  an  aside  to  the  normal  flight  performance  parameters  measured  during  the  flights, 
head  azimuth,  elevation,  and  roll  position  data  also  were  collected,  not  as  part  of  the 
experimental  design  but  as  standard  practice.  This  paper  reports  the  analysis  of  the 
azimuth  data  for  the  slalom  maneuver.  (Elevation  and  roll  data  analyses  will  be 
presented  in  future  reports.) 

The  availability  of  this  head  position  data  is  advantageous  for  two  reasons.  First, 
extremely  limited  operational  head  position  data  have  been  presented  in  the  literature. 
And,  very  little  of  this  has  been  collected  in  the  operational  flight  environment  using 
HMDs.  Second,  for  the  same  flights  for  which  head  position  data  are  presented  here, 
measures  of  motion  sickness  symptoms,  pre  and  postflight,  were  made.  In  order  to  test 
the  hypothesis  that  motion  sickness  symptoms  may  be  correlated  with  differerces  in  head 
motion  attributed  to  the  different  visual  environments  (or  conversely,  head  motion  is 
affected  by  the  onset  of  motion  sickness  symptoms  due  to  different  visual  environments), 
it  is  necessary  to  be  able  to  describe  the  different  visual  environment  head  position 
distributions  using  a  set  of  parameters  (e.g.,  central  moments). 
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Background 


A  major  operational  characteristic  of  HMDs  is  their  capability  to  allow  the  pilot  to 
control  external  imaging  sensors  and  weapons  via  head  movement.  This  head  slaving 
capability  is  achieved  through  the  use  of  head  trackers  of  various  technologies,  e.g., 
mechanical,  electro-optical,  magnetic,  ultrasonic,  etc.  Most  recently,  magnetic  systems 
have  been  the  most  widely  used  head  tracking  technology  and  are  considered  to  be 
relatively  mature  for  use  in  the  aviation  environment  (Borah,  1 998).  The  performance  of 
a  head  tracking  system  (sometimes  referred  to  as  a  visually  coupled  system  [VCS])  is 
determined  by  a  number  of  parameters,  which  include  motion  box  size,  pointing  angle 
accuracy,  pointing  angle  resolution,  update  rate,  and  jitter.  Specifications  for  these 
parameters  usually  are  affected  by  the  aircraft  platform  (fixedwing  and  rotary-wing).  A 
more  detailed  discussion  of  tracking  performance  parameters  can  be  found  in  Kocian  and 
Task  (1995). 

Prior  to  the  fielding  of  the  AH-64  IHADSS,  limited  research  had  been  conducted  to 
measure  the  ability  of  the  head  (to  include  neck  and  shoulder  muscles)  to  be  used  as  an 
aiming/tracking  system.  These  studies  include  Nicholson  (1965),  who  investigated  the 
feasibility  of  using  the  head  as  a  means  of  aiming  a  weapons  systems;  Haywood  (1975) 
and  Polhemus  (1976)  who  attempted  to  ascertain  performance  characteristics  of  specific 
sighting  systems;  and  Verona,  Johnson,  and  Jones  (1979)  who  investigated  the  influences 
of  target  speed,  helmet  suspension  types,  and  helmet  weighting  parameters  on  head 
aiming/tracking. 

The  immense  popularity  of  helmet- mounted  displays  has  since  produced  only  a 
relatively  small  increase  in  studies  investigating  visually  coupled  systems.  Most  of  these 
studies  have  looked  at  the  performance  of  head  (or  eye)  tracking  technologies  (Borah, 
1989;  Robinson  and  Wetzel,  1989;  and  Cameron  et  al.,  1995)  or  head  motion  prediction 
(Azuma  and  Bishop,  1995;  Curtis  and  Sowizral,  1994).  However,  there  has  been  very 
limited  data  collected  and  made  available  on  head  position  and  velocity  within  the 
operational  flight  environment.  In  addition,  a  literature  search  produced  only  two  studies 
that  included  head  motion  data  during  operational  flights  using  HMDs. 

Several  anatomical  and  biomechanical  studies  have  reported  values  for  range  of  head 
motion  for  azimuth  (rotation),  elevation  (flexion  and  extension)  and  roll  (tilt  or  lateral 
bending).  The  reported  ranges  of  these  values,  as  well  as  for  peak  velocity  and 
acceleration,  are  presented  in  Table  1.  Note  that  only  a  few  of  the  cited  studies  indicated 
clearly  as  to  whether  or  not  neck  and  shoulder  participation  was  included  in  the  reported 
values.  Caution  must  be  taken  when  reviewing  the  values  for  head  motion  in  Table  1. 
These  values,  based  on  laboratory  anatomical  and  biomechanical  measures,  would  most 
likely  be  reduced  in  an  operational  cockpit  where  seat,  restraint  system  and  cockpit 
design  present  physical  obstructions  and  other  limits  to  allowable  ranges  of  motion.  In 
addition,  it  has  been  shown  that  head  motion  is  reduced  by  inertial  loading  such  as  that 
induced  by  the  increased  head  supported  weight  of  HMDs  (Gauthier,  Martin  and  Stark, 

1 986),  and  the  increased  neck  muscle  loading  associated  with  the  use  of  HMDs  increases 
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fatigue  which  may  indirectly  reduce  the  frequency  and  range  of  head  motion  (Phillips  and 
Petrofsky,  1983). 


Table  1. 

Reported  anatomical  and  biomechanical  head  motion  ranges. 


Allen  and 

Webb 

(1983) 

Zangemeister  and 
Stark (1981) 

Sherk 

(1989) 

Glanville  and 

Kreezer 

(1937); 

Hertzberg 

(1972) 

Durlaeh  and 
Mavor  (1995) 

Azimuth 

(rotation) 

-90°  to  90° 
Note  A. 

Avg  of  128° 
from  right  to 
left 

-80°  to  80° 

— 

Elevation  (total) 

-10°  to  25° 
Note  B. 

— 

-60°  to  60° 

— 

-flexion  only 
-extension  only 

— 

— 

540-74° 

_ _ 

_ _ 

— 

— 

390.93° 

__ 

Roll  (tilt) 

Avg  of  59° 
from  right  to 
left 

-40°  to  40° 

*— 

Peak  Velocity 
-azimuth 

— 

48°/sec  for  5°  head 
movement 

352°/sec  for  60° 
head  movement 

— 

— 

600°/sec 

-elevation 

— 

— 

— 

— 

300°/sec 

Peak 

acceleration 

_ l  _  _  _  * 

551°/sec2  for  5° 
head  movement 
3300°/sec2  for  60° 
head  movement 

Note  A.  Values  include  neck  participation. 

Note  B.  Values  do  not  include  neck  participation. 


As  stated  previously,  the  studies  summarized  in  Table  1  do  not  represent  a  description 
of  head  motion  values  as  would  be  encountered  in  actual  flight  scenarios.  Only  two 
studies  could  be  found  which  collected  and  present  head  motion  data  during  actual  flight 
conditions.  Szoboszlay  et  al.  (1995)  investigated  the  effect  of  field  of  view  (FOV) 
restriction  on  rotary  wing  pilot  workload  and  performance  in  an  instrumented  NAH-1S 
Cobra.  In  this  study,  pilots  executed  seven  flight  maneuvers  adapted  from  the  U.S.  Army 
Aeronautical  Design  Standard  (ADS)  33D  (U.S.  Army  Aviation  and  Troop  Command. 
1994).  The  flight  maneuvers  were  slalom,  acceleration/deceleration,  hover,  bob- 
up/tum/bob-down,  hovering  turn,  pirouette,  and  precision  landing.  These  maneuvers 
where  executed  in  the  daytime  under  good  visual  conditions  with  no  precipitation. 
Cockpit  instruments  where  covered  in  order  to  force  the  pilot  to  rely  on  the  outside  scene 
cues.  Trials  where  flown  for  six  FOV  configurations  ranging  from  20  degrees  to  100 
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degrees  in  20-degree  increments  and  for  an  unrestricted  (natural)  FOV  condition.  One  of 
the  performance  parameters  measured  was  time  spent  at  specific  azimuth  and  elevation 
positions.  Figures  1  and  2  show  the  resulting  histograms  of  the  azimuth  and  elevation 
angle,  respectively,  of  the  head  position  for  a  typical  pilot  during  one  of  the  bob- up 


Figure  1 .  Head  azimuth  angle  histograms  for  a  single  pilot  for  the  bob-up  maneuver 
(Szoboszlay  et  al.,  1995). 


Figure  2.  Head  elevation  angle  histograms  for  a  single  pilot  for  the  bob-up 
maneuver.  (Szoboszlay  et  al.,  1995). 


maneuvers.  The  azimuth  histograms  (Figure  1)  show  a  trend  if  FOV  was  reduced,  the 
pilot’s  right  gazing  angle  also  increased.  The  elevation  histograms  (Figure  2)  show  a 
similar  increase  in  head  motion  as  the  horizontal  FOV  was  decreased. 

Perhaps,  the  most  pertinent  study  to  this  current  paper  was  conducted  by  Verona  et  al. 
(1986),  where  head  motion  data  were  collected  from  six  pilots  as  each  flew  a  modified 
UH-  1M  Huey  helicopter  over  a  circular  15- mile  contour  course.  (Data  from  one  of  the 
six  pilots  (#2)  were  not  incorporated  in  the  analysis  due  to  loss  of  boresight.)  All  of  the 
pilots  were  rated  in  the  UH-  1M  aircraft,  and  pilot  #4  was  an  Army  MEDEVAC  pilot  with 
previous  search  and  rescue  experience.  The  pilots  also  were  required  to  visually  search 
for  an  “enemy”  aircraft,  which  could  appear  anywhere,  while  flying  the  contour  course. 

A  head  tracking  system  was  used  to  measure  the  pilot’s  head  motion.  The  system 
provided  coverage  of  ±180°  azimuth  and  -90°  to  +30°  elevation  with  0.5°  accuracy.  The 
head  tracking  data  were  collected  over  two  flights  of  25- minute  duration per  pilot  with 
head  position  samples  taken  every  40  milliseconds  (ms).  All  of  the  flights  and  data 
acquisitions  were  conducted  on  the  same  day.  Of  the  five  remaining  pilots,  three  flew  in 
the  morning  and  two  flew  in  the  afternoon.  They  were  not  told  that  head  motion  was  the 
focus  of  the  study;  instead,  they  were  advised  that  they  were  assessing  a  new  helmet  fit. 
The  subject  pilots  sat  in  the  left  seat  of  the  aircraft. 

The  first  and  last  3  minutes  were  not  used  in  the  analysis,  which  consisted  of 
constructing  position  and  velocity  frequency  histograms  for  azimuth  and  elevation  from 
the  head  tracking  line-of-sight  data.  The  azimuth  and  elevation  position  histograms 
collapsed  across  the  remaining  five  subjects  are  presented  in  Figures  3  and  4, 
respectively.  Figures  5  and  6  show  the  corresponding  velocity  histograms.  The  summary 
statistics  for  mean,  median,  standard  deviation,  skewness  and  kurtosis,  collapsed  across 
the  five  pilots  for  azimuth  and  elevation  position,  are  presented  in  Table  2.  Summary 
statistics  for  azimuth  and  elevation  velocities  are  presented  in  Table  3.  Percent  relative 

cumulative  frequency  curves  for  azimuth  and  elevation  velocities  are  presented  in  Figures 
7  and  8,  respectively. 

The  positive  means  and  medians  for  azimuth  position  in  the  top  section  of  Table  2 
indicated  that  the  pilots  were  looking  slightly  to  the  right,  toward  the  center  of  the 
aircraft,  most  of  the  time.  (Note:  0°  is  directly  in  front  of  the  left-seated  pilot,  not  at  the 
center  of  the  aircraft.)  The  larg;  standard  deviations  were  interpreted  as  meaning  the 
pilots  exhibited  considerable  variability  with  respect  to  head  position  (line  of  sight)  while 
performing  the  search  task.  Figure  3,  the  azimuth  position  histogram,  showed  a  slight 
peak  at  -75°  corresponding  to  the  center  of  the  aircraft  door  window.  The  range  was  -90° 
to  +90°.  The  elevation  position  data  and  statistics,  Figure  4  and  bottom  of  Table  2, 
showed  a  range  of  -65°  to  +30°.  The  major  peak  occurred  at  - 1°.  The  small  hump  at  -40° 
corresponds  to  the  position  of  the  chin  transparency  in  the  lower  front  of  the  aircraft.  The 
pilots  spent  95  percent  of  their  time  between  - 14°  and  +14°;  the  pilots’  heads  remained 
essentially  level.  The  standard  deviations  for  elevation  were  not  as  large  as  for  azimuth. 
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as  would  be  expected  since  elevation  range  of  motion  is  more  limited.  The  negative 
medians  indicated  the  pilots  were  looking  down  more  often  than  they  were  looking  up. 


Azimuth  Position  (degrees) 


Figure  3.  Frequency  histogram  for  azimuth  position  (Verona  et  al.,  1986). 


E I eval  i on  Pos i  t  t  on  (degrees) 


Figure  4.  Frequency  histograms  for  elevation  position  (Verona  et  ah,  1986). 
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Azirruth  Rate  (degrees/ second) 

Figure  5.  Frequency  histogram  for  azimuth  velocity  (Verona  et  al.,  1986). 


Table  2. 

Azimuth  and  elevation  position  summary  statistics. 


Mean 

Median 

S.D. 

Skewness 

Kurtosis 

— 

/ly- -V 

50.5 

3.23 

19.62 

-0.11 

2.21 

3 

5.98 

6.11 

18.03 

-0.37 

2.57 

4 

3.63 

3.63 

33.85 

-0.36 

0.12 

5 

1.90 

3.23 

25.00 

-0.74 

2.04 

6 

5.17 

4.20 

24.90 

-0.57 

1.94 

4.35 

4.43 

24.77 

-0.52 

1.93 

%  hi 

i 

-3.73 

-3.14 

3.85 

0.40 

8.96 

3  I 

-3.03 

-2.27 

6.26 

-2.64 

20.00 

4 

-6.39 

-3.24 

12.31 

-1.62 

3.55 

5 

-2.32 

0.47 

7.25 

-2.32 

24.31 

6 

3.13 

4.41 

6.86 

-3.67 

26.32 

HES0EE53HS9ii 

-2.09 

-1.08 

8.46 

-2.25 

11.79 

Table  3. 

Azimuth  and  elevation  velocity  summary  statistics. 


Mean 

Median 

S.D. 

Skewness 

Kurtosis 

33.50 

26.53 

29.50 

1.61 

3.65 

3 

33.54 

27.16 

28.71 

1.53 

3.40 

4 

37.44 

26.85 

36.81 

1.73 

3.26 

5 

40.58 

33.49 

33.46 

1.39 

2.45 

6 

35.60 

27.69 

32.18 

1.64 

3.43 

HE9E^3§£9i 

35.97 

28.16 

32.23 

1.63 

3.45 

Elevation  velocity 

1 

36.23 

30.91 

28.10 

1.11 

1.52 

3 

37.08 

32.10 

28.11 

0.99 

1.07 

4 

35.78 

29.71 

29.57 

1.45 

2.96 

5 

43.69 

38.73 

32.15 

1.04 

1.37 

6 

37.16 

32.08 

28.81 

1.19 

1.98 

All  5  subjects 

37.93 

32.50 

29.46 

1.17 

1.81 
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RELATIVE  CUMULATIVE  FREQUENCY  '§  yt  RELATIVE  CUMULATIVE  FREQU 


AZIMUTH  RATE  Cdeg/sec) 

e  7.  Percent  relative  cumulative  frequency  versus  azimuth  velocity  (Verona  et 
al.,1986). 


Figure  8.  Percent  relative  cumulative  frequency  versus  elevation  velocity  (Verona  et 


The  summary  of  statistics  for  azimuth  and  elevation  velocities  is  presented  in  Table  3. 
The  small  medians  indicated  that  the  velocity  distribution  was  weighted  heavily  toward 
the  lower  values.  The  variability  between  subjects  was  greater  than  the  variability  within 
subjects,  underlining  the  role  of  individual  differences  in  search  dynamics.  There  was 
greater  variability  in  the  elevation  velocity  data  (bottom  of  Table  3).  The  within-subject 
variability  in  the  median  ranged  from  approximately  1  °/sec  to  1 1  °/sec,  and  between- 
subject  differences  in  the  median  for  all  the  pilots  combined  ranged  from  approximately 
0°/sec  to  9°/sec.  In  addition,  the  medians  were  again  smaller  than  the  means,  indicating 
more  data  points  at  the  lower  velocities. 

The  relative  cumulative  frequency  curves  of  the  velocity  data  (Figures  7  and  8) 
indicated  that  50  percent  of  the  azimuth  and  elevation  velocities  were  less  than  or  equal 
to  32°/sec.  The  curves  also  showed  that  90  percent  of  both  the  azimuth  and  elevation 
velocities  were  less  than  or  equal  to  80°/sec.  As  an  aside,  approximately  97  percent  of 
the  azimuth  velocities  and  98  percent  of  the  elevation  velocities  were  equal  to  or  less  than 
120°/sec,  the  maximum  slew  rate  of  the  thermal  imaging  system  selected  for  the  AH-64 
Apache  helicopter. 

In  a  summary  of  Verona  et  al.  (1986),  it  was  found  that  the  concentration  of  azimuth 
and  elevation  head  positions  indicated  that  the  pilots  looked  primarily  forward,  even 
though  the  flight  scenario  required  a  large  range  of  head  movements  for  the  search  task. 

In  addition,  this  study  supported  a  maximum  slew  rate  of  120°/sec. 

The  current  study  presented  herein  attempts  to  expand  the  small  database  of  head 
position  and  velocity  values  for  actual  flight  scenarios  while  wearing  HMDs. 


Experimental  design 

The  original  overall  study  design  for  the  D/NAW  flights  consisted  of  six  flight 
maneuvers,  two  levels  of  aggressiveness  (LOAs)  and  four  visual  conditions.  Each  of 
these  factors  is  described  in  detail  in  the  sections  below.  A  full  flight  trial  was  limited  to 
approximately  90  minutes  in  duration.  A  flight  was  defined  as  consisting  of  a  varying 
numbers  of  “runs”  where  a  “run”  was  the  completion  of  the  full  set  of  all  six  maneuvers 
at  a  given  LOA  by  a  single  pilot  for  one  of  the  four  visual  conditions.  The  original  study 
design  called  for  each  flight  to  consist  of  a  combination  of  practice,  intermediate  and  full 
test  runs.  It  should  be  noted  that  the  subject  pilots  were  already  familiar  with  the  flight 
area.  Practice  runs  were  primarily  flown  for  the  purpose  of  familiarization  with  the 
various  visual  environments.  In  practice  runs,  all  maneuvers  were  performed  in 
succession.  Intermediate  runs  varied  by  the  fact  that  at  the  end  of  each  maneuver  the 
pilot  landed  the  aircraft  and  completed  a  questionnaire  on  situational  awareness.  Full 
runs  were  identical  to  practice  runs,  with  the  obvious  exception  of  flight  performance 
data  collection.  Head  tracking  data  were  collected  on  all  flights. 
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Instrumentation 


Aircraft 

All  flights  were  in  a  Lynx  ZD285  helicopter  (Figure  9),  which  is  a  standard  Lynk  AH 
Mk  7  airframe  with  Gem  Mk  205  engines  but  modified  to  exclude  infrared  suppressors, 
missile  mounts,  or  other  role  equipment.  The  automatic  flight  control  system  (AFCS)  ? 
was  switched  on  during  all  flights  to  improve  aircraft  handling.  The  AFCS  provided 
pitch,  roll  and  yaw  rate  damping;  and  pitch  and  roll  attitude  hold.  The  Lynx  ZD285  also 
was  modified  to  incorporate  a  VCS,  a  Military  Standard  1553B  avionics  architecture, 
navigation  systems,  and  instrumentation. 

The  aircraft  was  configured  for  two  experimenters  seated  in  the  rear  cabin,  an 
evaluated  pilot,  who  served  as  a  subject,  in  the  front  left  seat,  and  a  safety  pilot  in  the 
front  right  seat.  A  system  operator  occupied  the  right  cabin  seat  and  was  concerned 
mainly  with  operation  and  monitoring  of  the  experimental  systems.  The  flight  test 
engineer  in  the  left  rear  seat  provided  sortie  direction  and  recorded  subjective  data.  The 
instrument  panel  was  modified  to  provide  the  safety  pilot  with  ready  access  to  all  normal 
cockpit  instruments.  The  subject  pilot  was  provided  with  a  cut-down  panel  providing 
primary  flight  instruments  only. 

An  additional  aircraft  modification  was  the  outfitting  of  all  forward  cockpit  windows 
(but  not  overhead  windows)  with  custom  amber-tinted  panels.  The  purpose  of  this 
modification  was  to  allow  the  day- use,  simulated  HMD  visual  environment. 


Figure  9.  The  DERA  Lynx  research  helicopter  outfitted  with  custom  amber- tinted 


Visually  Coupled  System  (VCS) 


The  VCS  was  comprised  of  a  direct  current  (DC)  electromagnetic  head  positioning 
system  (HPS)  with  a  transmitter  affixed  to  the  airframe  close  to  the  subject  pilot’s  head 
with  a  sensor  attached  to  his  helmet.  The  HPS  provided  six  degrees  of  freedom  (DOF) 
output  over  a  large  range  of  head  movements.  A  pair  of  boresight  reticule  units  was 
associated  with  the  HPS  and  permitted  the  subject  pilot  to  align  the  system  at  start-up. 
HPS  signals  were  processed  and  used  to  drive  a  nose- mounted  turreted  platform.  The 
platform  could  be  directed  to  the  HPS  line  of  sight  over  a  range  of  ±  120°  azimuth  and 
+30°  to  -90°  elevation  at  a  maximum  rate  of  1 10°/sec.  The  platform  also  carried  a 
thermal  imager  derived  from  the  Class  II  Thermal  Imaging  Common  Module  (TJCM  II) 
with  a  FOV  of  55°  horizontal  by  37°  vertical,  producing  a  raster  output  in  a  625  line/50 
Hz  format.  A  Radstone  symbol  generator  was  used  to  produce  symbology. 

The  HPS  sampled  head  position  approximately  every  5  ms.  However,  to  reduce  the 
volume  of  the  data  for  storage  and  analysis,  the  available  head  position  data  files  were 
transformed  to  100  ms  (0.1  sec)-samples. 

Helmet- mounted  display  (HMD) 

The  aircraft  was  equipped  with  an  HMD,  manufactured  by  GEC,  which  used  625 
line/50  Hz  miniature  (1-inch  diameter)  monochrome  cathode  ray  tubes  (CRTs)  as  image 
sources  (Figure  10).  The  optical  train  provided  a  fully  overlapped  53°  horizontal  by  37° 
vertical  FOV.  Although  capable  of  binocular  operation,  the  HMD  was  driven  by  a  single 
video  channel  in  a  biocular  mode  (same  image  in  both  eyes).  The  HMD  could  display 
symbology  only  (not  used  in  this  study),  thermal  imaging  only  (TIO),  or  combined 
thermal  imaging  and  symbology.  The  HMD  helmet  was  heavy  and  had  a  forward  center 
of  gravity  (comparable  to  the  Night  Vision  Goggle  (NVG)  system).  A  single  size  helmet 
shell  was  used,  incorporating  a  variety  of  fitting  techniques  including  personalized  foam 
pads,  standard  foam  pads,  a  thermal-plastic  liner  or  a  combination  of  all  three.  The  HMD 
could  be  adjusted  for  focus  and  interpupillary  distance.  However,  the  minimum 
interpupillary  distance  corresponded  to  approximately  the  50th  percentile  male  and  was 
marginal  for  some  subject  pilots.  Contrast  and  brightness  controls  were  adjustable  by  the 
subject  pilot.  The  HMD  imagery  was  relatively  dim  and  could  not  be  seen  easily  under 
daylight  conditions.  For  safety  reasons  flights  in  this  study  were  conducted  only  under 
daylight  conditions.  For  this  combination  of  reasons,  a  modification  to  the  HMD  was 
necessary. 


Figure  10.  Flight  helmet  with  53-degree  FOV  HMD. 

Simulated  degraded  visual  environment  (SDVE) 

The  daytime  study  flight  requirement  created  several  problems: 

•  The  HMD  imagery  was  difficult  to  see  against  the  bright  daytime  sky. 

•  The  flat  surfaces  of  the  HMD  combiner  optics  resulted  in  numerous  reflections 
that  distracted  and  disoriented  the  pilot. 

•  The  daytime  visual  environment  was  full  of  visual  cues  that  were  absent  during 
night  flight. 

Therefore,  to  be  able  to  use  the  HMD  during  the  required  daytime  flights,  a  novel  hood 
assembly  referred  to  as  a  SDVE  was  developed  (Crowley,  1998).  The  SDVE  consisted 
of  a  full  HMD  hood  assembly  and  a  blue  filter  that  was  complementary  to  the  amber 
screens  already  in  place  over  all  cockpit  transparencies  except  the  overhead  panels.  The 
combination  of  the  amber  and  blue  filters  prevented  exterior  viewing  by  the  subject  pilot. 
The  hood  assembly  consisted  of  a  tailored  fire-retardant  black  cloth  hood  worn  over  the 
pilot’s  helmeted  head  (Figure  1 1).  The  hood  wrapped  around  the  top  and  front  of  the 
helmet  and  was  secured  in  the  rear  with  hook  and  pile  fasteners.  Light  could  be 
completely  prevented  from  entering  the  hood  interior  by  gathering  the  drape  material 
about  the  neck.  The  hood  weighed  1.56  pounds  (0.71  kg),  with  some  of  the  weight  being 
borne  by  the  shoulders.  To  assist  air  exchange  for  the  purpose  of  improving  comfort, 
ventilation  was  provided  using  an  off  the-shelf  nuclear- biological- chemical  ventilator. 


The  subject  pilot  could  not  see  anything  directly  outside  the  aircraft  but  was  able  to 
view  his  arms,  the  controls,  most  of  the  instrument  panel,  and  the  left  side  cockpit 
structure  when  looking  ahead.  The  instrument  panel  was  heavily  tinted  and  darkened  due 
to  a  dark  blue  filter.  This  made  it  so  that  pilots  could  not  read  any  numbers  on  the 
gauges,  but  could  make  out  the  main  needle  on  the  bigger  gauges. 


Figure  11.  SDVE  system. 


Night  Vision  Goggles  (NVGs) 

A  single  pair  of  Fenn  NG600  (Gen  III)  NVGs  was  used  for  all  flights.  The  Fenn 
NG600  was  3rd  GEN  and  had  a  47°  circular  FOV.  The  NVGs  were  checked  for 
serviceability  before  each  flight  using  Night  Vision  Cased  Test  Equipment,  Type 
ETS85FP,  in  accordance  with  standard  servicing  instructions. 
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Subjects 


Severe  limitations  on  manpower  resources  for  subject  pilots  and  safety  pilots, 
combined  with  additional  logistical  problems,  resulted  in  only  four  subject  pilots,  but  no 
single  subject  flew  every  combination  of  factors.  All  four  subject  pilots  were  male.  Ages 
were  31,33,  34  and  37  with  1 500,  1 830,  2000  and  2700  flight  hours,  respectively. 

Visual  environments 

The  study  employed  four  types  of  visual  environments.  These  environments  were: 

•  Good  visual  environment  (GVE) 

•  Night  Vision  Goggles  (NVG) 

•  Thermal  imaging  only  (TIO) 

•  Rotary-wing  symbology  (RWS) 

GVE  flight  was  conducted  in  a  normal  daytime  environment  only  when  “good 
visibility”  was  available.  These  flights  served  as  a  baseline  to  document  a  reference  level 
of  functional  quality  performance. 

NVG  flights  were  flown  in  a  night  time  environment  using  the  Fenn  NG600  night 
vision  goggle  system.  A  mean  ambient  light  level  of  10  milliLux  was  the  target 
illumination  level.  However,  any  illumination  within  the  range  5-50  milliLux  was 
deemed  acceptable.  Along  with  the  GVE  flights,  these  flights  also  were  used  to  develop 
a  baseline  for  evaluating  the  VCS. 

TIO  flights  were  flown  in  a  daytime  environment  using  the  SDVE  hood  and  amber 
filter  windscreen  systems.  Under  the  SDVE,  the  subject  pilots  were  presented  with 
thermal  imagery  only  on  the  53°  HMD.  No  symbology  was  presented. 

RWS  flights  were  flown  in  a  daytime  environment  using  the  SDVE  hood  and  amber 
filter  windscreen  systems.  Under  the  SDVE,  the  subject  pilots  were  presented  with 
thermal  imagery  and  symbology  on  the  53°  HMD. 

Flight  maneuvers 

Flights  were  flown  during  the  period  mid-March  to  late- September  1997.  The  subjects 
flew  a  total  of  six  maneuvers:  Slalom,  curved  approach,  hovering  (spot)  turns,  rapid 
egress,  bob-up/down,  and  sidestep.  The  focus  for  this  analysis  is  on  the  slalom  maneuver 
due  to  its  more  consistent  flight  pattern  and  easily  defined  flight  cycle.  The  analyses  of 
the  other  five  maneuvers  are  deferred  to  future  analyses. 

All  six  maneuvers  were  performed  successively  in  each  run  starting  with  the  slalom 
and  ending  with  the  sidestep  maneuver.  Under  ideal  conditions,  the  maneuvers  would  be 
randomly  presented.  However,  this  counterbalancing  design  was  not  possible  because 
the  VCS  was  not  available  during  the  first  two  months  of  planned  flights. 
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All  flights  were  conducted  during  daytime  hours  with  the  exception  of  the  NVG 
flights.  Flights  occurred  in  the  region  of  southern  England  known  as  the  Salisbury  Plain 
training  area  at  a  location  known  as  Haxton  Down,  approximately  6.6  miles  (1 1 
kilometers)  north  of  the  Boscombe  Down  airfield.  All  flights  approached  the  test  area  by 
originating  from  the  Boscombe  Down  airfield  via  a  set  route  flown  by  the  safety  pilot  at 
90  knots  indicated  air  speed  (KIAS)  at  200  feet  above  ground  level  (AGL),  descending  to 
50  feet  AGL  on  approach  to  the  course.  The  safety  pilot  aligned  the  aircraft  over  the 
track  and  handed  the  controls  over  to  the  subject  pilot  at  an  appropriate  ground  speed,  at 
50  feet  AGL,  and  at  a  point  at  least  200  m  (650  feet)  prior  to  the  first  slalom  turn. 

Ground  speed  at  release  was  to  be  approximately  30  knots  for  low  LOA  and  40  knots  for 
moderate  LOA. 

There  were  two  LOA:  Low  and  moderate.  Low  LOA  consisted  of  the  use  of  up  to  a 
thirty-degree  angle  of  bank  (AOB),  as  required,  and  a  moderate  speed  (>  0  knots,  but  30 
knots  desired)  to  achieve  an  unhurried  progression  through  the  course.  Pedal-assisted 
skidding  turns  were  acceptable.  There  were  no  time  constraints.  The  moderate  LOA 
intended  to  exploit  the  full  VCS  flight  envelope  as  far  as  possible  and  to  target  30-degree 
AOB  in  all  turns  with  up  to  45-degree  transients  (at  safety  pilot  discretion).  Speed  was 
adjusted  to  achieve  rapid  progression  through  the  course  with  an  appropriate  turn  radius 
(>0  knots,  40  knots  desired).  Pedal-assisted  skidding  turns  were  again  acceptable.  The 
required  slalom  course  maneuver  completion  time  was  less  than  90  seconds. 

The  slalom  segment  of  the  test  course  consisted  of  a  South  to  North  transit  through  the 
Haxton  Down  area  at  nap  of  the  earth  (NOE)  heights  and  speeds.  At  Haxton  Down,  a 
convenient  group  of  South-North  oriented  woods  labeled  Woods  One  through  Four  (with 
“gates”  between  woods),  with  intervening  East-West  avenues,  provided  a  serpentine 
(slalom)  course,  which  was  developed  into  a  variant  of  the  ADS-33  slalom  mission  task 
elements  (MTEs).  The  MTEs  started  at  a  ground  speed  appropriate  to  the  LOA  and 
ended  at  any  suitable  exit  speed.  The  directions  of  the  progressive  course  turns  were: 
Right,  followed  by  two  left  turns,  two  more  right  turns,  and  ending  with  two  left  turns 
(Figure  12).  Ground  track  was  maintained  as  close  as  possible  (but  not  less  than  5 
meters)  from  N-S  edges  of  woods,  and  as  close  as  possible  to  centerlines  of  E-W 
avenues. 

The  flight  tolerances  for  the  slalom  segment  of  the  test  flights,  in  general,  were  derived 
from  those  of  ADS-33.  The  ADS-33  slalom  MTEs  are  representative  of  actual  tactical 
flight  because  they  incorporate  real  obstacles,  irregular  turns  and  rectilinear  phases.  The 
modified  ADS-33  tolerances  used  for  the  slalom  segment  of  this  study  are  presented  in 
Table  4. 
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North 


Figure  12,  Representative  flight  path  for  slalom  flight  maneuver. 

Table  4. 

Slalom  tolerances. 


Over  track,  50  feet  AGL 

Desired 

Acceptable 

Low  LOA  -  30 
knots  ground 
speed 

<30°  angle  of 
bank;  No  time 
limit 

Track 

Within  20 
meters 

Within  30 
meters 

Gate  position 

±5  meters 

±10  meters 

Moderate  LOA  -  40 
knots  ground 
speed 

\T  i  1  \  T  1  ■» 

40°  angle  of  bank 
transients 

Height 

+10  to  5  ft 

+20  to -10  ft 

Speed 

>20  knots 

>0  knots 

Note:  1)  LOA  -  Level  of  aggressiveness.  2)  AGL  -  Above  ground  level 


The  desired  performance  tolerance  was  to  maintain  datum  height  within  -5  and  +10 
feet  throughout,  pass  through  gates  within  ±5  meters,  and  keep  S-N  flight  path  within 
twenty  meters  of  edges  of  woods.  It  was  not  satisfactory  to  reduce  ground  speed  below 
20  knots  at  any  stage.  Adequate  performance  was  a  datum  height  maintained  within  - 10 
and  +20  feet  throughout,  pass  through  gates  at  ±10  meters,  and  keep  S-N  flight  path 

within  30  meters  of  edges  of  woods.  It  was  not  acceptable  to  stop  the  aircraft  completely 
at  any  stage. 
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Six  performance  objectives  were  defined  for  the  study:  1)  Ability  to  maneuver  with 
respect  to  ground  features  in  NOE  flight  in  the  degraded  visual  environments  (NVGs  and 
HMDs) ,  2)  Ability  to  maintain  spatial  awareness  and  obstacle  clearance  during  a 
complex  multi-axis  maneuver,  3)  Check  for  undesirable  display  dynamics  when 
performing  maneuvers  representative  of  moderate  aggressiveness  NOE  flight,  4)  Ability 
to  control  height  during  turning  flight,  5)  Ability  to  adjust  airspeed  to  maintain  a  ground 
track  defined  by  obstacles,  and  6)  Ability  to  control  sideslip  in  turns  at  moderate  airspeed. 

Final  overall  trial  design 

Field  experiments  play  havoc  with  even  the  best-designed  study.  As  described  above, 
two  factors  that  impacted  the  study  were  the  severe  limitation  on  the  availability  of 
subject  pilots  and  the  late  delivery  of  the  VCS,  which  eliminated  the  ability  to 
counterbalance.  In  general,  the  number  of  flights  required  by  the  experimental  design  of 
(two  levels  of  aggressiveness)  X  (six  maneuvers)  X  (four  visual  environments)  far 
exceeded  the  allotted  schedule  time,  available  number  of  pilots,  and  logistical  resources 
of  the  study.  In  addition,  and  having  specific  impact  on  the  analysis  presented  herein, 
head  motion  data  for  some  flights,  either  full  or  partial,  were  not  collected  due  to  head 
tracking  system  failure  or  flight  interruption.  As  a  consequence,  the  head  tracking  data 
files  made  available  for  this  analysis  were  a  subset  of  the  original  study  design.  And,  as 
noted  previously,  only  data  files  for  the  slalom  maneuver  were  used  in  this  analysis. 


Database 


The  provided  head  motion  database  consisted  of  628  files.  The  files  were  divided  into 
33  subdirectories,  where  each  subdirectory  contained  the  files  for  a  given  flight.  A  flight 
was  defined  as  consisting  of  a  varying  numbers  of  “runs”  where  a  “run”  was  the 
completion  of  the  full  set  of  all  six  maneuvers  at  a  given  LOA  by  a  single  pilot  for  one  of 
the  four  visual  conditions.  A  given  file  in  the  database  contained  data  pertaining  to  a 
single  subject  for  one  combination  of  LOA,  flight  maneuver,  visual  environment,  and 
type  of  run  (practice,  intermediate  or  full).  A  summary  of  the  provided  database  is 
presented  in  Table  5.  Note  there  were  107  files  for  the  slalom  maneuver. 

This  analysis  focused  on  head  motion  for  the  slalom  maneuver.  Of  the  107  files 
provided  in  the  database,  four  were  eliminated  from  the  analysis  due  to  missing  or 
corrupted  data.  This  left  103  files.  These  files  are  presented  in  Table  6  by  subject,  visual 
environment,  LOA,  and  run  type. 
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Table  5. 

Summary  of  head  motion  database. 


File  overview 

Visual 

environment 

LOA 

Run  type 

Slalom 

Hni 

Spot 

turn 

Rapid 

egress 

Bob- 

up/down 

Side 

step 

Total 

GVE 

Low 

Practice 

4 

4 

4 

4 

4 

4 

24 

Intermediate 

8 

8 

8 

8 

8 

8 

48 

Full 

4 

4 

4 

4 

4 

4 

24 

Moderate 

Practice 

7 

7 

7 

7 

7 

7 

42 

Intermediate 

14 

14 

14 

14 

14 

14 

84 

Full 

7 

7 

7 

7 

7 

7 

42 

NVG 

Low 

Practice 

3 

3 

5 

4 

4 

3 

22 

Intermediate 

4 

4 

4 

4 

4 

4 

24 

Full 

4 

5 

4 

3 

3 

4 

23 

Moderate 

Practice 

6 

6 

6 

6 

6 

6 

36 

Intermediate 

9 

9 

9 

9 

9 

9 

54 

Full 

5 

6 

6 

6 

6 

6 

35 

TIO 

Low 

Practice 

5 

5 

4 

4 

5 

4 

27 

Intermediate 

6 

6 

4 

5 

6 

4 

31 

Full 

3 

3 

3 

3 

3 

3 

18 

Moderate 

Practice 

0 

0 

0 

0 

0 

0 

0 

Intermediate 

0 

0 

0 

0 

0 

0 

0 

Full 

0 

0 

0 

0 

0 

0 

0 

RWS 

Low 

Practice 

3 

2 

2 

1 

3 

1 

12 

5 

5 

3 

3 

5 

3 

24 

Full 

1 

1 

1 

I 

1 

1 

6 

Moderate 

Practice 

2 

2 

2 

2 

2 

2 

12 

Intermediate 

6 

6 

6 

6 

5 

5 

34 

Full 

1 

1 

1 

1 

1 

1 

6 

Total 

107 

108 

104 

102 

107 

100 

628 

The  file  structure  for  a  sample  slalom  maneuver  file  is  presented  in  Figure  13.  The 
column  headings  (left  to  right)  are:  Time,  head  azimuth,  head  elevation,  head  roll,  X- 
ground  speed,  Y- ground  speed,  Z- speed,  inertial  navigation  unit  (INU)  ground  speed,  and 
differential  global  positioning  system  (DGPS)  latitude  and  longitude.  Time  is  expressed 
in  0.1 -second  intervals.  Head  azimuth,  elevation  and  roll  positions  are  expressed  in 
degrees.  Ground  speeds  (not  used  in  analysis)  are  expressed  in  knots.  Latitude  and 
longitude  values  are  expressed  in  global  positioning  system  (GPS)  units. 
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Table  6. 

Summary  of  files  for  slalom  head  tracking  analysis  by  subject 


■ 

ss 

GVE 

NVG 

TIO 

RWS 

Total 

3 

m 

Low 

Moderate 

Low 

Moderate 

Low 

Moderate 

Low 

Moderate 

•V;'V 

#i 

p 

1 

2 

0 

2 

1 

0 

1 

0 

7 

D 

2 

4 

1 

2 

2 

o 

2 

0 

13 

D 

1 

2 

1 

1 

0 

0 

0 

0 

5 

#2 

p 

1 

1 

1 

0 

1 

0 

1 

1 

6 

D 

2 

2 

1 

3 

2 

0 

2 

2 

14 

Q 

1 

1 

1 

0 

1 

0 

0 

0 

4 

#3 

B 

1 

2 

1 

2 

2 

0 

0 

1 

9 

i 

2 

4 

1 

2 

1 

0 

1 

4 

15 

B 

1 

2 

1 

2 

2 

0 

1 

.  1 

10 

#4 

p 

0 

2 

1 

2" 

fe. 

5 

i 

2 

4 

1 

2 

fe 

9 

D 

1 

2 

1 

2 

6 

Total 

15 

28 

11 

20 

12 

0 

1  8  1 

9 

103 

Notes.  Visual  environments:  GVE-  Good  visual  environment,  NVG-  Night  Vision 


Goggle,  TIO-  Thermal  imaging  only,  RWS-  Rotary-wing  Symbology 
Level  of  aggressiveness:  Low,  Moderate 
Flight  type:  P-  Practice,  I-  Intermediate,  F-  Full 
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Figure  13.  Screen  capture  of  sample  head  motion  data  file. 
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Data  analysis 


The  question  to  be  answered  by  this  analysis  is:  Are  the  distributions  for  head  motion 
position  (and  velocity)  different  for  the  four  visual  environments?  The  head  motion  data 
files  under  analysis  herein  for  the  slalom  maneuver  are  time  series  of  head  azimuth 
position  values  (elevation  and  roll  data  to  be  analyzed  in  future  reports)  for  four  different 
visual  environments,  confounded  by  two  levels  of  aggressiveness  and  three  run  types.  In 
addition  to  analyses  of  position  data,  transformations  on  these  data  included  construction 
of  velocity,  reversal  and  excursion  distributions.  Briefly,  a  reversal  was  defined  as  a 
change  in  head  motion  direction  (e.g.,  turning  from  looking  right  to  looking  left)  and  an 
excursion  was  defined  as  the  change  in  angular  position  between  two  reversal  points. 

Data  preparation 

The  slalom  files  consisted  of  data  collected  for  a  fight  pattern  flown  over  a  set  course 
running  north  and  south  with  the  turns  going  east  and  west  (Figure  12).  In  order  to  be 
able  to  compare  across  subjects  and  visual  conditions,  it  was  decided  to  equalize  across 
files  by  using  data  over  a  defined  section  within  the  slalom  maneuver.  This  section, 
referred  to  as  a  cycle,  was  defined  as  shown  in  Figure  14.  A  cycle  consisted  of  two  right 
hand  turns  and  two  left  hand  turns.  We  also  wanted  to  include  a  small  portion  before  and 
after  the  turns  in  order  to  capture  pilot  head  movements  during  preparation  for  and 
recovery  from  turns.  In  order  to  do  this  consistently,  the  means  of  the  minimum  and  the 
maximum  values  of  the  longitude  both  prior  and  following  the  four  turns  were  calculated. 
The  point  where  the  longitude  exceeded  the  mean  before  the  first  right  hand  turn  was 
used  as  the  start  point  of  the  cycle.  Where  the  longitude  fell  below  the  mean  after  the  last 
left  hand  turn  was  used  as  the  end  point  of  the  cycle.  The  cycle  times  for  the  slalom 
maneuver  ranged  from  approximately  42  to  120  seconds.  For  a  given  visual 
environment,  times  for  runs  of  moderate  LOA  were  obviously  shorter  than  for  runs  of 
low  LOA,  and  run  times  for  GVE  runs  were  shorter  than  the  other  visual  environments 
for  both  low  and  moderate  LOAs. 


Figure  14.  Definition  of  cycle  used  in  analysis  to  equalize  the  slalom  maneuver. 
Once  a  cycle  was  defined  for  each  file,  the  data  were  smoothed  using  a  three-point 
moving  average  routine  in  preparation  for  analysis. 

21 


Data  analysis  methods 


Multiple  approaches  were  used  to  answer  the  research  question.  The  first  approach 
was  to  transform  all  of  the  position  time  series  data  into  histograms  that  represented 
position  distributions.  Then,  the  distribution  moments  (and  additional  distribution 
statistics)  were  calculated  for  each  distribution.  The  second  approach  was  to  construct 
graphical  representations  of  the  distributions  in  the  form  of  box-plots  and  quantile  curves. 
Another  approach  was  to  use  a  Chi-square  analysis  to  attempt  direct  comparisons  of 
distributions. 

A  distribution  can  be  fully  defined  by  four  moments:  Mean,  variance  (or  standard 
deviation),  skewness,  and  kurtosis.  However,  it  is  useful  to  calculate  additional 
distribution  statistics  (e.g.,  minimum,  maximum,  median,  interquartile  range  (IQR),  etc.). 
Graphical  methods,  e.g.,  box-plots,  quantile  curves,  etc.,  also  can  be  employed  to  provide 
rough  quantitative  descriptions  of  distributions. 

Distributions  are  generally  compared  by  performing  standard  parametric  statistical 
tests  involving  means.  However,  the  head  motion  distributions  analyzed  herein  are 
multimodal  and  deviate  significantly  from  normality.  In  cases  of  departure  from 
normality,  distribution- free  approaches  should  be  adopted,  e.g.,  chi-square  method. 

Chi-square  analysis  can  be  used  to  compare  goodness- of- fit  between  two  or  more 
frequency  distributions.  In  this  analysis,  the  chi-square  statistic  is  a  summation  of 
adjusted  differences  between  the  two  or  more  distributions  for  each  allowable  distribution 
value. 

A  more  thorough  discussion  of  these  approaches  is  provided  in  Appendix  A. 

Position  analyses 

Before  beginning  the  analyses,  it  may  be  instructive  to  investigate  a  sample  data  file. 
Figure  1 5  is  a  graphical  overlay  of  azimuth  head  motion  data  for  a  slalom  flight  path  for 
subject  #2  for  a  GVE  run.  The  solid  line  represents  the  flight  path,  with  one  cycle  of  two 
left  and  two  right  turns  demarcated.  The  associated  azimuth  position  histogram  for  this 
run  over  the  defined  cycle  is  presented  in  Figure  16.  This  representative  distribution 
shows  a  maximum  left-  looking  (negative)  angle  of  approximately  68°  and  a  maximum 
right- looking  (positive)  angle  of  approximately  56°.  Calculation  of  the  various  additional 
statistics  will  fully  define  this  distribution. 


Figure  16.  Azimuth  position  histogram  for  subject  #2,  GVE  run  in  Figure  15 
above. 


Position  distribution  histograms 

The  use  of  histograms  to  represent  the  position  distributions  is  a  fundamental  technique 
to  allow  an  overall  appreciation  of  head  motion.  The  histograms  presented  herein  use  1- 
degree  intervals.  From  Table  6  it  can  be  determined  that  for  the  combinations  of  four 
subjects,  four  visual  environments  and  two  LOAs,  there  are  103  azimuth  position 
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Head  Azimuth 


distributions  available  for  analysis.  The  resulting  position  histograms  are  presented  in 
Appendix  B.  Subject  #1  has  a  total  of  25  histograms  that  represent  the  various 
combinations  of  LOA,  run  type  and  visual  environment;  subject  #2  has  24  histograms; 
subject  #3  has  34  histograms;  and  subject  #4  has  20  histograms.  See  Table  6. 

Individual  position  distributions 

These  individual  distributions  are  worth  examining  for  general  characteristics  and 
trends  for  each  subject  and  visual  condition.  Such  an  examination  yields  the  following: 

Subject  #1.  The  individual  GVE  head  position  distributions  for  subject  #1  (Figure  B-l, 
Appendix  B)  present  the  following  characteristics:  a)  The  typical  range  of  motion 
is  115°  (from  -60°  to  +55°),  b)  all  run  distributions  show  a  central  mode  located 
near  0°,  c)  there  appears  to  be  a  secondary  mode  located  at  +45°,  d)  there  is  a  no 
presence  of  outliers,  e)  the  data  indicate  a  greater  time  spent  looking  to  the  right, 
and  f)  the  most  extreme  left  looking  angle  is  consistently  greater  than  the  right 
looking  angle. 

NVG  head  position  distributions  for  subject  #1  (Figure  B-2,  Appendix  B)  present 
the  following  characteristics:  a)  The  central  mode  is  much  less  defined  than  for 
GVE  and  is  located  at  approximately  0°,  b)  the  range  is  between  approximately  - 
65°  to  +60°  (125°),  c)  the  majority  of  runs  show  presence  of  a  secondary  mode  at 
+45°,  d)  there  are  no  data  outliers,  and  e)  some  of  the  runs  weakly  indicate  less 
defined  modes  at  -35°  and  -50°. 

TIO  head  position  distributions  for  subject  #1  (Figure  B-3,  Appendix  B)  present 
the  following  characteristics:  a)  There  are  well  defined  central  modes,  slightly 
positive  of  0°,  b)  in  general,  the  range  is  -60°  to  +60°  (120°),  but  with  one  run  - 
65°  to  +70°  (135°),  and  c)  there  is  strong  evidence  for  a  secondary  mode  near 
+45°. 

RWS  head  position  distributions  for  subject  #1  (Figure  B-4,  Appendix  B)  present 
the  following  characteristics:  a)  There  are  well  defined  central  peaks,  just  slightly 
positive  to  zero,  b)  the  range  is  approximately  -60°  to  +55°  (1 15°),  and  c)  a  well 
defined  secondary  mode  is  at  +45°. 

Subject  #2.  The  GVE  head  position  distributions  for  subject  #2  (Figure  B-5,  Appendix 
B)  present  the  following  characteristics:  a)  There  appears  to  be  greater  variability 
than  for  subject  #1,  b)  several  runs  fail  to  show  a  distinct  central  mode  (flatter),  c) 
there  is  an  approximate  range  of -65°  to  +65°  (130°)  and  d)  distributions  show  an 
occasional  outlier  value  near  +70°. 

NVG  head  position  distributions  for  subject  #2  (Figure  B-6,  Appendix  B)  present 
the  following  characteristics:  a)  Most  runs  show  slightly  better  defined  central 
modes  than  for  GVE  condition,  but  several  runs  still  are  relatively  flat,  b)  the 
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range  is  approximately  -75°  to  +65°  (140°),  c)  the  secondary  mode  is  present  near 
+45  degrees,  but  generally  not  well-defined,  and  d)  there  are  no  outliers. 

TIO  head  position  distributions  for  subject  #2  (Figure  B-7,  Appendix  B)  present 
the  following  characteristics:  a)  There  are  better  defined  central  modes  then  for 
GVE  or  NVG  conditions,  b)  the  ranges  are  quite  variable  with-55°  to  +50° 

(105°)  as  smallest  and  -68°  to  +63°  (~130°)  as  largest,  and  c)  the  secondary  mode 
generally  is  present. 

RWS  head  position  distributions  for  subject  #2  (Figure  B-8,  Appendix  B)  present 
the  following  characteristics:  a)  Central  modes  are  well-defined  but  much 
narrower  and  significantly  shifted  towards  the  negative  (or  left),  b)  secondary 
modes  near  40°,  c)  five  out  of  six  runs  show  secondary  mode  at  approximately 
+15°,  d)  approximately  a  range  of  -70°  to  +60°  (130°),  and  e)  no  outliers. 


Subject  #3.  The  GVE  head  position  distributions  for  subject  #3  (Figure  B-9,  Appendix 
B)  present  the  following  characteristics:  a)  The  central  modes  are  almost 
nonexistent,  b)  the  secondary  modes  at  45°  are  somewhat  evident,  and  c)  the 
ranges  are  very  limited,  typically  -35°  to  60°  (95°),  as  compared  to  other  subjects 
and  are  somewhat  truncated  on  the  left  side  for  all  runs. 

NVG  head  position  distributions  for  subject  #3  (Figure  B-10,  Appendix  B) 
present  the  following  characteristics:  a)  the  central  mode  is  \ery  weak  defined  in 
all  runs,  b)  the  secondary  modes  are  evident  at  45°  to  60°,  and  c)  the  ranges  are 
significantly  greater  than  for  GVE,  generally  -60°  to  +70°  ( 1 30°). 


TIO  head  position  distributions  for  subject  #3  (Figure  B- 1 1 ,  Appendix  B)  present 
the  following  characteristics:  a)  The  range  is  typically  +60°  to  the  right  and  -50° 
to-65°  to  the  left  (1 10°-125°),  b)  the  central  mode  is  more  distinctive  than  for 
GVE  and  NVG  and  is  displaced  slightly  negative  from  zero,  and  c)  the  secondary 
mode  is  presert  somewhere  around  10°  to  15°. 

RWS  head  position  distributions  for  subject  #3  (Figure  B-12,  Appendix  B) 
present  the  following  characteristics:  a)  There  are  the  greatest  number  of  RWS 
runs  (8),  b)  the  range  is  considerably  variable  with  an  upper  range  value  of 
approximately  +50°  degrees  but  with  a  lower  range  value  of  from  -45°  to  -65° 
(95°-l  15°),  c)  a  central  (but  always  prominent)  mode  slightly  shifted  to  the 
negative,  d)  a  primary  mode  is  at  +15°,  and  e)  there  is  weak  evidence  of 
secondary  mode  at  +45°. 

Subject  #4.  The  GVE  head  position  distributions  for  subject  #4  (Figure  B-13,  Appendix 
B)  present  the  following  characteristics:  a)  The  range  was  extremely  variable, 
with  a  lower  range  value  from  -30°  to  -55°  and  a  upper  value  from  +40°  to  +50°, 
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b)  the  central  mode  is  slightly  displaced  to  the  left,  and  c)  a  secondary  mode  is  at 
+15°. 

NVG  head  position  distributions  for  subject  #4  (Figure  B-14,  Appendix  B) 
present  the  following  characteristics:  a)  The  range  is  expanded  compared  to  GVE 
environment  but  variable  with  a  lower  range  value  varying  from  -50°  to  -65°  and 
an  upper  range  value  varying  from  +60°  to  +70°,  b)  a  central  mode  is  weakly 
present  in  most  runs,  and  c)  a  secondary  mode  is  located  between  45°  and  50°. 

Note:  Head  position  data  for  subject  #4  were  not  available  for  TIO  and  RWS 
visual  environments. 

Combined  distributions 

This  rather  large  aggregate  of  histograms  makes  it  difficult  to  compare  head  motion 
across  visual  environments.  To  overcome  this  problem,  the  authors  contend  that 
distribution  comparisons  can  be  based  on  combined  distributions  that  are  total  data  sets 
formed  by  combining  data  from  all  runs  for  a  given  visual  environment.  These  combined 
distributions  are  not  based  on  the  average  of  individual  runs  but  rather  the  summation  of 
individual  runs. 

It  is  obvious  that  the  distribution  of  head  positions  during  rotary- wing  flight  was 
influenced  by  many  factors.  Even  for  a  single  individual,  a  considerable  level  of 
variability  in  head  position  was  to  be  expected  across  flights,  even  if  all  quantifiable 
conditions  were  equal.  The  variability  in  the  data  under  analysis  herein  was  most 
assuredly  increased  further  by  the  added  confounds  of  LOAs  and  run  types. 

Faced  with  the  large  amount  of  data  and  the  obvious  variability,  the  authors  propose 
the  following  argument.  It  is  suggested  that  the  influence  of  the  LOA  and  run  type 
confounds  contributes  to,  but  does  not  define,  the  general  shape  and  characteristics  of  the 
head  motion  distribution  for  a  given  visual  environment.  Looking  at  the  two  LOAs,  they 
differed  in  the  study  design  by  a  speed  difference  of  10  knots  (target  speeds  of  30  knots 
and  40  knots  for  low  and  moderate  LOAs,  respectively).  However,  as  presented  in  Table 
4,  any  forward  speed  was  allowable.  Three  run  types  were  possible:  Practice, 
intermediate,  and  full.  Practice  runs  were  primarily  flown  for  the  purpose  of 
familiarization  with  the  various  visual  environments.  In  practice  runs,  all  maneuvers 
were  performed  in  succession.  Intermediate  runs  varied  by  the  fact  that  at  the  end  of  each 
maneuver  the  pilot  landed  the  aircraft  and  completed  a  questionnaire  on  situational 
awareness.  Full  runs  were  identical  to  practice  runs,  with  the  obvious  exception  of  flight 
performance  data  collection.  An  additional  factor  that  would  influence  the  head  motion 
distributions  is  that  the  four  subjects  were  very  experienced  test  pilots  and  were  familiar 
with  the  flight  area  and  the  flight  maneuvers. 

Therefore,  the  approach  adopted  by  the  authors  was  to  perform  analyses  upon  the 
combined  data  distributions.  This  argument  is  supported  further  by  a  graphical  technique 
of  successive  additions  of  run  distributions.  In  this  technique  an  arbitrary  distribution  for 
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a  given  visual  environment  is  selected.  A  second  distribution  for  the  same  visual 
environment  is  combined  to  the  first  to  create  a  new  distribution  representative  of  the  first 
two.  Then,  additional  distributions  are  added  until  a  final  distribution  is  built  which 
consists  of  all  of  the  position  data  for  the  selected  visual  environment.  As  these 
intermediate  combination  distributions  are  created,  culminating  in  the  final  combined 
distribution,  the  authors  argue  that  a  general  trend  in  the  shape  of  the  distribution  can  be 
seen.  The  authors  contend  that  comparisons  of  head  motion  across  visual  environments 
between  subjects  can  be  made  based  on  these  combined  distributions.  An  illustration  of 
this  argument  for  GVE  runs  for  subject  #2  is  presented  in  Appendix  C.  In  this  example, 
six  GVE  runs  with  various  LOA  and  run  type  are  successively  combined  to  form  a  single 
combined  distribution  histogram.  As  the  individual  runs  are  combined,  a  defined  shape 
becomes  readily  apparent  and  is  maintained. 

Accepting  the  above  argument,  Figures  17-20  present  the  combined  position 
distributions  by  subject  and  visual  environment.  Note  that  head  position  data  for  subject 
#4  were  available  for  only  two  visual  environments,  GVE  and  NVG.  As  with  the 
individual  distributions,  these  combined  distributions  can  be  examined  visually  for 
general  characteristics  and  trends,  which  should  generally  be  similar  to  those  found  for 
the  individual  distributions.  The  following  observations  are  made: 

Subject  #1.  The  combined  GVE  head  position  distribution  for  subject  #1  (Figure  17) 

present  the  following  characteristics:  a)  There  is  a  central  mode  at  approximately 
0°,  b)  there  is  a  secondary  mode  located  at  approximately  +45°,  c)  there  are  two 
weakly  defined  modes  at  -35°  and  —50°,  and  d)  the  range  is  approximately  -65°  to 
+65°  (130°). 

The  combined  NVG  head  position  distribution  for  subject  #1  (Figure  17)  present 
the  following  characteristics:  a)  There  is  a  not  as  well  defined  central  mode  as  for 
GVE  environment,  b)  the  secondary  mode  seen  at  45°  for  the  GVE  environment 
is  present  but  not  as  obvious,  and  c)  the  range  is  approximately  -65°  to  +60° 
(125°). 

The  combined  TIO  head  position  distribution  for  subject  #1  (Figure  17)  present 
the  following  characteristics:  a)  There  is  a  a  well-defined  central  mode  (slightly 
positive  of  0°),  b)  a  secondary  mode  is  at  +45°,  and  c)  there  is  a  range  of 
approximately  -65°  to  +60°  (125°)  with  an  outlier  near  -70°. 

The  combined  RWS  head  position  distribution  for  subject  #1  (Figure  17)  present 
the  following  characteristics:  a)  There  is  a  well-defined  central  mode,  b)  a  well- 
defined  secondary  mode  at  +45°,  and  c)  there  is  a  range  of  approximately  -60°  to 
+60°  (120°). 

Subject  #2.  The  combined  GVE  head  position  distribution  for  subject  #2  (Figure  18) 

present  the  following  characteristics:  a)  An  ill-defined  central  mode  is  shown,  b)  a 
lesser  secondary  mode  is  at  +45°,  c)  there  is  a  preponderance  of  positive 
positions,  and  d)  the  range  is  approx  -70°  to  +65°  (135°). 
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Figure  17.  Combined  position  histograms  for  subject  #1 . 
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Figure  18.  Combined  position  histograms  for  subject  #2. 
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Figure  19.  Combined  position  histograms  for  subject  #3. 


30 


Figure  20.  Combined  position  histograms  for  subject  #4. 


The  combined  NVG  head  position  distribution  for  subject  #2  (Figure  18)  present 
the  following  characteristics:  a)  There  are  relatively  flat,  ill-defmed  central  and 
secondary  modes  and  b)  a  larger  range  of  approximately  -75°  to  +70°  (140°). 

The  combined  TIO  head  position  distribution  for  subject  #2  (Figure  1 8)  present 
the  following  characteristics:  a)  There  is  a  well-defined  central  mode,  slightly 
negative  (left)  of  0°,  b)  a  secondary  mode  at  +40°,  and  c)  an  approximate  range  of 
-70°  to +65°  (135°). 

The  combined  RWS  head  position  distribution  for  subject  #2  (Figure  1 8)  present 
the  following  characteristics:  a)  There  is  a  well-defined  central  mode  at 
approximately  -5°,  b)  a  range  of  approximately  -65°  to  +60°  (125°),  and  c)  two 
secondary  modes  at  +10°  and  from  35°  to  45°. 

Subject  #3.  The  combined  GVE  head  position  distribution  for  subject  #3  (Figure  19) 

present  the  following  characteristics:  a)  The  range  is  approximately  from  -40°  to 
+60°  (100°),  b)  the  central  mode  is  prominent  at  approximately  +10°  but  not 
predominate,  and  c)  additional  prominent  modes  are  at  +30°  and  45°. 

The  combined  NVG  head  position  distribution  for  subject  #3  (Figure  19)  present 
the  following  characteristics:  a)  The  central  mode  is  present  but  weak,  b)  there  is 
a  relatively  flat  distribution,  and  c)  the  range  is  from  -60°  to  70°  (130°). 
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The  combined  TIO  head  position  distribution  for  subject  #3  (Figure  19)  present 
the  following  characteristics:  a)  The  central  mode  is  present  but  weak,  b)  there  is 
a  relatively  flat  distribution,  c)  a  weak  secondary  mode  at  +15°,  and  d)  the  range 
is  approximately  -65°  to  +60°  (125°). 

The  combined  RWS  head  position  distribution  for  subject  #3  (Figure  19)  present 
the  following  characteristics:  a)  The  range  is  from  -65°  to  +55°  (120°)  and  b)  the 
modes  are  -45°,  -5°,  +15°  and  +45°. 

Subject  #4.  The  combined  GVE  head  position  distribution  for  subject  #4  (Figure  20) 
present  the  following  characteristics:  a)  A  central  mode  is  present  but  not 
dominate,  b)  there  is  possible  evidence  of  secondary  modes,  and  c)  the  range  is 
approximately  -55°  to  +50°  (105°). 

The  combined  NVG  head  position  distribution  for  subject  #4  (Figure  20)  present 
the  following  characteristics:  a)  There  is  a  weak  central  mode  at  0°,  b)  a  very  flat 
distribution  both  left  and  right  of  center,  and  c)  a  range  of  approximately  -70°  to 
+75°  (145°). 

Note:  Head  position  data  for  subject  #4  were  not  available  for  TIO  and  RWS 
visual  environments. 

Moments  and  additional  distribution  statistics 

While  distribution  shape  provides  a  basic  understanding  of  the  ongoing  head  motion, 
the  semi-quantitative  nature  of  distribution  histograms  does  not  allow  for  comprehensive 
comparison.  For  this  reason,  distributions  often  are  described  or  defined  by  the 
distribution’s  moments.  There  are  four  such  moments:  First  (mean),  second  (variance  or 
standard  deviation),  third  (skewness),  and  fourth  (kurtosis).  It  is  also  useful  to  calculate 
additional  distribution  statistics,  e.g.,  minimum,  maximum,  median,  etc. 

Summary  individual  and  combined  distribution  moments  and  statistics  tables  for  all 
subjects,  grouped  by  visual  environment,  are  provided  in  Appendix  D.  However, 
following  the  previous  arguments  that  comparisons  can  be  based  on  the  combined 
distributions,  a  summary  of  distribution  moments  and  statistics  by  subject  and  visual 
environment  for  the  combined  distributions  only  is  presented  in  Table  7.  Examination  of 
Appendix  D  and  Table  7  lead  to  the  identification  of  a  number  of  characteristics  and 
trends: 

Subject  #1.  The  summary  GVE  head  position  distribution  statistics  for  subject  #1  present 
the  following  characteristics:  a)  A  combined  minimum  and  maximum  of  -67.6° 
and  +65.7°,  respectively,  indicate  a  balanced  overall  range  about  the  center  point, 
b)  a  combined  median  of  -1.8°,  c)  a  low  skewness  value  (-0.1)  indicates  a  lack  of 
outliers,  and  d)  50%  of  combined  position  values  lie  between  -12.1°  and  +24.9°. 
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The  combined  NVG  head  position  distribution  statistics  for  subject  #1  present  the 
following  characteristics:  a)  The  extreme  left- looking  values  consistently  are 
greater  than  the  extreme  right- looking  values  with  a  combined  range  of  -66.9°  to 
+61.5°,  b)  the  combined  median  is  +1.0°,  c)  a  low  skewness  value  (-0.1)  indicates 
a  lack  of  outliers,  and  d)  50%  of  the  combined  position  values  lie  between  -15.3° 
and  +28.3°,  the  largest  of  the  4  visual  environments. 

Table  7. 

Combined  azimuth  position  summary  by  subject  and  visual  environment. 

(Time  expressed  in  seconds;  Other  dimensional  statistics  expressed  in  degrees) 
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The  combined  TIO  head  position  distribution  statistics  for  subject  #1  present  the 
following  characteristics:  a)  The  combined  median  shifted  to  right  (+2.8°),  b)  a 
greater  negative  skewness  (-0.4)  reflects  the  few  values  in  the  -70°  position,  and 
c)  50%  of  the  combined  position  values  lie  between  -5.2°  and  +27.0°. 


The  combined  RWS  head  position  distribution  statistics  for  subject  #1  present  the 
following  characteristics:  a)  A  Combined  median  of +1.4°,  b)  a  balanced 
combined  overall  range  of  -61.4°  to  +57.8°,  and  c)  50%  of  the  combined  position 
values  lie  between  -4.3°  and  +24.5°. 


When  these  four  visual  environments  characteristics  are  studied  in  comparision 
for  subject  #1,  the  following  observations  can  be  made:  a)  The  medians  are 
positive,  except  GVE,  b)  the  NVG  has  the  largest  IQR  (43.6°),  c)  the  RWS  has 
the  smallest  range  (1 19.2°)  and  IQR  (28.8°),  d)  the  most  extreme  left  position  is  - 
72.2°  for  TIO,  e)  the  most  extreme  right  position  is  +65.7°  for  GVE,  f)  the  TIO 
has  the  highest  skewness,  g)  all  kurtosis  values  are  negative  with  NVG  highest, 
and  h)  the  NVG  has  the  largest  standard  deviation. 
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Subject  #2.  The  summary,  GVE  head  position  distribution  statistics  for  subject  #2 

present  the  following  characteristics:  a)  there  is  an  usually  right- shifted  median  at 
+6°  and  b)  50%  of  the  combined  position  values  lie  between  -9.7°  and  +26.4°. 

The  combined  NVG  head  position  distribution  statistics  for  subject  #2  present  the 
following  characteristics:  a)  A  total  combined  range  of -77.9°  to  +69.6°  (147.5°), 
12.5°  larger  than  for  GVE,  b)  a  median  of +1 .6°,  and  c)  50%  of  the  combined 
position  values  lie  between  -18.2°  and  +22.3°,  the  largest  of  the  4  visual 
environments. 

The  combined  TIO  head  position  distribution  statistics  for  subject  #2  present  the 
following  characteristics:  a)  A  total  combined  range  of -67.7°  to  +63.3°(131 .0°), 
b)  a  slightly  negative  combined  median  of  - 1 .0°,  and  c)  50%  of  the  combined 
position  values  lie  between  -10.9°  and  +17.7°. 

The  combined  RWS  head  position  distribution  statistics  for  subject  #2  present  the 
following  characteristics:  a)  Combined  median  is  shifted  slightly  to  left  at  -2.6° 
and  b)  50%  of  combined  position  values  lie  between  -10.9°  and  +18.2°. 

When  these  four  visual  environments  characteristics  are  studied  in  comparision 
for  subject  #2,  the  following  observations  can  be  made:  a)  The  medians  are 
negative,  except  GVE,  b)  the  NVG  has  the  largest  IQR  (40.5°)  and  range 
(147.5°),  c)  the  NVG  has  the  most  extreme  left  (-77.9°)  position,  d)  the  most 
extreme  right  position  is  TIO  (80.2°),  e)  the  TIO  and  RWS  have  similar  range  and 
IQR  values,  f)  the  TIO  has  the  lowest  skewness,  g)  all  skewness  values  are 
negative,  and  h)  the  NVG  has  the  largest  standard  deviation. 

Subject  #3.  The  summary,  GVE  head  position  distribution  statistics  for  subject  #3 
present  the  following  characteristics:  a)  A  most  pronounced  median  value  of 
16.2°  (to  the  right),  b)  an  overall  range  of  -41.2°  to  +61.1°  which  favors  positions 
to  the  right0,  and  an  IQR  (-5.0°  to  +37.0°)  which  also  favors  positions  looking  to 
the  right. 

The  combined  NVG  head  position  distribution  statistics  for  subject  #3  present  the 
following  characteristics:  a)  An  unbalanced  range  (-64.6°  to  +70.6°)  to  a  lesser 
degree  than  GVE  but  still  favoring  positions  to  the  right,  b)  the  largest  standard 
deviation,  32.7°,  and  c)  the  largest  IQR  of-14.6°  to  +38.7°. 

The  combined  TIO  head  position  distribution  statistics  for  subject  #3  present  the 
following  characteristics:  a)  A  total  combined  range  of -68.4°  to  +60.3  (128.7°) 
which  favors  positions  to  the  left,  b)  an  almost  directly  centered  median  at  -0.1°, 
and  c)  50%  of  the  position  combined  values  lie  between  -13.4°  and  +20.1°. 

The  combined  RWS  head  position  distribution  statistics  for  subject  #3  present  the 
following  characteristics:  a)  A  combined  median  value  of  +2.7°  (slightly  to  the 
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right),  b)  a  combined  range  of  -67 .7°  to  +55.3  (123.0°),  and  c)  50%  of  the 
position  values  lie  between  -13.7°  and  +19.0°. 

When  these  four  visual  environments  characteristics  are  studied  in  comparision 
for  subject  #3,  the  following  observations  can  be  made:  a)  The  medians  are 
strongly  positive,  except  for  TIO  (-0.1),  b)  the  NVG  has  the  largest  IQR  (53.3°) 
and  range  (135.2°),  c)  the  TIO  and  RWS  have  similar  range  and  IQR  values,  d) 
the  NVG  and  GVE  have  highest  kurtosis  values,  e)  all  skewness  values  are  the 
same,  f)  the  GVE  has  the  smallest  range  (102.3°),  and  g)  the  NVG  has  the  largest 
standard  deviation. 

Subject  #4.  The  summary  GVE  head  position  distribution  statistics  for  subject  #4  present 
the  following  characteristics:  a)  There  is  a  nearly  centered  median  of -1.0°,  b)  the 
combined  overall  range  is  -57.0°  to  +51.2°  (108.2°),  and  c)  50%  of  the  combined 
position  values  lie  between  -12.9°  and  +17.9°. 

The  combined  NVG  head  position  distribution  statistics  for  subject  #4  present  the 
following  characteristics:  a)  There  is  a  directly  centered  median  at  +0.3°,  b)  the 
combined  overall  range  is  -68.6°  to  +72.0°  (140.6°),  and  c)  50%  of  the  combined 
position  values  lie  between  -18.6°  and  +32.7°. 

When  these  two  visual  environments  characteristics  are  studied  in  comparision  for 
subject  #4,  the  following  observations  can  be  made:  a)  The  NVG  has  greater 
range  (140.6°)  and  IQR  (51,3)°,  b)  the  NVG  has  the  most  extreme  left  (-68.6°) 
and  right  (72.0°)  positions,  c)  the  kurtosis  values  are  both  negative,  and  d)  the 
NVG  has  the  largest  standard  deviation. 

Note:  Head  position  data  for  subject  #4  were  not  available  for  TIO  and  RWS 
visual  environments. 

Graphical  comparisons 

While  considerable  information  is  available  in  Table  7  and  several  pages  have  been 
spent  enumerating  and  comparing  the  distribution  characteristics  presented  in  Table  7, 
distributions  are  often  better  understood  through  graphical  techniques.  In  addition,  the 
shapes  of  the  head  position  distributions  under  analysis  generally  appear  to  deviate  from 
normality  and  are  asymmetrical,  which  speaks  against  conventional  parametric  analysis. 
When  this  is  the  case,  graphical  techniques  such  as  box-plots  and  quantile  curves  can 
provide  excellent  methods  of  comparing  distributions.  See  Appendix  A  for  further 
discussion  of  these  techniques. 

The  box-plot  technique  provides  a  visual  summary  of  a  data  set  by  emphasizing  a 
select  set  of  statistic  values,  e.g.,  median,  quartiles,  and  IQR.  Box-plots  for  combined 
azimuth  position  distributions  for  all  subjects  are  presented  in  Figures  21-24.  Individual 
box-plots  for  all  subjects  by  visual  environment  are  presented  in  Appendix  E. 
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From  the  box-plots  for  subject  #1  in  Figure  21,  the  following  characteristics  and  trends 
can  be  construed:  a)  The  NVG  has  the  largest  IQR,  b)  the  medians  are  relatively  the 
same,  c)  the  3rd  quartiles  consistently  have  a  larger  range  than  the  2nd  quartiles,  d)  the 
TIO  and  RWS  are  most  similar  in  shape,  and  e)  the  TIO  and  RWS  have  outlier  values  at 
extreme  left. 

From  the  box-plots  for  subject  #2  in  Figure  22,  the  following  characteristics  and  trends 
can  be  construed:  a)  The  NVG  has  the  largest  range  and  IQR,  b)  the  GVE  median  is  more 
positive  (right  shifted),  c)  the  TIO  and  RWS  are  most  similar  in  shape,  and  d)  the  3rd 
quartiles  are  consistently  larger  in  range  than  the  2nd  quartiles. 

From  the  box-plots  for  subject  #3  in  Figure  23,  the  following  characteristics  and  trends 
can  be  construed:  a)  The  NVG  has  the  largest  range  and  IQR,  b)  all  the  medians  are 
positive  (right  shifted),  c)  the  TIO  and  RWS  are  most  similar  in  shape,  and  d)  the  TIO 
and  RWS  have  outlier  values  at  extreme  left. 

From  the  box-plots  for  subject  #4  in  Figure  24,  the  following  characteristics  and  trends 
can  be  construed:  a)  The  NVG  range  and  IQR  are  greater,  b)  the  medians  are  relatively 
equal,  and  c)  the  3rd  quartiles  consistently  have  larger  range  than  the  2nd  quartiles. 

An  alternative  graphical  technique,  the  quantile  curve,  is  better  than  the  box-plot  in 
comparing  fine  differences  in  distribution  shapes,  especially  the  presence  of  extreme 
values  and  dominant  modes.  The  upper  and  lower  ends  of  quantile  curves  terminate  at 
the  minimum  and  maximum  data  values.  The  slopes  of  quantile  curves  in  the  vicinity  of 
the  ends  indicate  the  presence  or  not  of  outliers  (values  greatly  smaller  or  larger  than  the 
majority  of  the  data  set);  steep  slopes  indicate  outliers.  The  vertical  shift  from  zero  at  the 
50-percentile  point  indicates  the  value  and  direction  of  the  median.  The  slope  of  the 
quantile  curve  in  the  central  region  is  an  indication  of  the  standard  deviation  and  IQR  of 
the  data.  Quantile  curves  for  combined  azimuth  position  distributions  by  subject  are 
presented  in  Figures  25-28.  Individual  quantile  curves  for  all  subjects  by  visual 
environment  are  presented  in  Appendix  F. 

In  general,  many  of  the  distribution  characteristics  that  can  be  derived  from  the 
quantile  curves  in  Figures  25-28  have  already  been  listed  above.  However,  these  curves 
do  offer  additional  information. 

The  quantile  curves  of  subject  #1  for  the  four  visual  environments  are  presented  in 
Figure  25.  The  following  characteristics  and  trends  can  be  construed:  a)  the  GVE  has  the 
most  extreme  right  value,  b)  the  TIO  has  the  most  extreme  left  value,  c)  the  RWS  has  the 
smallest  1st  and  2nd  quartile  range,  d)  the  medians  are  all  fairly  similar  with  that  of  TIO 
being  most  positive,  e)  the  NVG  has  the  steeper  slope  near  the  center,  indicating  the  less 
dominant  (flatter)  central  mode,  and  f)  the  steepness  of  the  RWS  curve  between  the 
position  values  of  approximately  -65°  to  -5°  indicates  the  very  low  frequency  of  head 
positions  in  this  range. 
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The  quantile  curves  of  subject  #2  for  the  four  visual  environments  are  presented  in 
Figure  26.  The  following  characteristics  and  trends  can  be  construed:  a)  The  NVG  has 
the  most  extreme  left  and  right  values,  b)  the  medians  are  negative,  except  for  the  GVE 
(strongly  positive),  c)  The  GVE  has  the  most  uniform  distribution,  d)  there  are  strong 
central  modes,  except  for  the  GVE,  and  e)  the  NVG  has  the  largest  1st  quartile  range. 


Figure  25.  Combined  azimuth  position  quantile  curves  for  subject  #1 


The  quantile  curves  of  subject  #3  for  the  four  visual  environments  are  presented  in 
Figure  27.  The  following  characteristics  and  trends  can  be  construed:  a)  the  GVE  has 
smallest  range,  b)  the  NVG  has  the  largest  range  and  the  most  extreme  right  value,  c)  the 
TIO  and  RWS  are  very  similar  in  shape,  d)  there  are  weak  central  modes,  and  e)  the  GVE 
and  NVG  medians  are  very  positive  (shifted  towards  right),  with  GVE  being  the  largest. 


Figure  27.  Combined  azimuth  position  quantile  curves  for  subject  #3. 


Figure  28.  Combined  azimuth  position  quantile  curves  for  subject  #4. 

The  quantile  curves  of  subject  #4  for  the  two  visual  environments  are  presented  in 
Figure  28.  The  following  characteristics  and  trends  can  be  construed:  a)  The  medians  are 
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very  similar,  b)  the  NVG  has  more  extreme  right  and  left  values,  c)  the  NVG  has  larger 
range  and  IQR,  d)  the  NVG  has  larger  2nd  and  3rd  quartile  ranges,  and  the  3rd  quartile 
range  is  larger  than  the  2nd  quartile. 

Chi-square  analysis 

The  comparison  of  distributions  is  generally  accomplished  using  a  Chi-square 
goodness  of  fit  test.  However,  when  this  test  was  applied  to  all  pair-wise  combinations  of 
the  combined  head  position  distributions  for  the  four  visual  conditions  within  each 
subject,  all  of  the  combinations  were  found  to  be  significantly  different  from  each  other. 
This  finding  was  not  surprising  since  the  argument  previously  presented  for  comparing 
combined  distributions  rather  than  individual  distributions  pointed  out  the  often 
considerable  differences  between  the  specific  characteristics  of  individual  head  position 
distributions  even  for  the  same  subject  performing  the  same  maneuver  with  same  visual 
environment.  For  this  reason,  the  validity  of  using  the  Chi-square  statistic  to  test  for 
differences  in  the  combined  distributed  was  compromised. 


Because  the  ehi-square  statistic  could  not  be  used  to  meaningfully  test  for  differences 
between  combined  head  position  distributions,  another  approach  was  investigated.  In  the 
analysis  of  the  histograms,  the  distribution  moments,  and  the  graphical  plots,  a  common 
trend  was  noticed.  In  each  analysis,  there  seemed  to  be  a  strong  indication  that  the  spread 
of  the  head  positions  for  the  four  visual  environments  exhibited  a  common  rank  order. 

To  investigate  this.  Table  8  was  constructed  to  allow  comparison  of  various  spread 
statistics,  which  included  the  IQR,  the  range  and  the  standard  deviation. 

Table  8. 

Comparison  of  IQR,  range  and  standard  deviation. 

(expressed  in  degrees,  ranks  within  subject  given  in  ( )) 


Subject 

Visual  environment 

IQR 

Range 

S.D. 
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GVE 
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28.2  (3) 

1 

RWS 

28.8  (4) 
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* 

#'  M-lpy  -  :«I« 

S; . ;#■  s 

. !  if-:'  : . ■ 

'  : 

2 

GVE 
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2 

NVG 

40.5(1) 

147.5  (1) 

32.1  (1) 

2 

TIO 

28.6  (4) 

131.2  (3) 

25.5  (3) 

2 

RWS 

29.1  (3) 

127.4  (4) 

25.1  (4) 

»«*!- . * 

■ 

3 

GVE 

42.0  (2) 

102.3  (4) 

25.5  (4) 

3 

NVG 

53.3(1) 

135.2(1) 

32.7(1) 

3 

TIO 

33.5  (3) 

128.7  (2) 

27.1  (2) 

3 

RWS 

32.7  (4) 

123.0  (3) 

26.8  (3) 
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4 

GVE 

30.8  (2) 

108.2  (2) 

22.1  (2) 

4 

NVG 

51.3(1) 

140.6(1) 

33.6(1) 
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Table  9. 

Spearman  rank-correlation  coefficients  for  IQR,  range  and  standard  deviation. 


_ m _ 

■ 

Range 

“ 

s.p. 

EH 

#2 

#3 

o 

■ 

KXS 

#2 

#3 

EH 

■ 

El 

151 

#3 

EH 

eh 

+0.80 

+  1 

EH 

II 

EH 

Hi 

+0.35 

Em 

El 

n 

i 

El 

El 

+0.40 

EH 

WJ¥M 

+0.80 

EH 

■ 

151 

+0.40 

EH 

i 

+0.40 

EH 

warn 

in 

EH 

■ 

ESM 

EH 

i 

i 

151 

EH 

ESI 

mm 

■ 

e a 

mm 

’  :  •/.  : hi  ' 

_ 

El 

■H 

Table  10. 

Spearman  rank-correlation  coefficients  for  skewness  and  kurtosis. 
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While  remembering  that  correlation  coefficients  involving  subject  #4  should  be  given 
less  weight  because  only  GVE  and  NVG  data  were  available,  the  Spearman  rank- 
correlation  tests  showed  a  strong  association  between  IQR  and  visual  environment  (Table 
9).  In  addition,  there  was  some  evidence,  although  much  less  strong,  for  a  similar 
association  for  range,  standard  deviation  and  kurtosis  (Tables  9  and  10).  Restated,  in 
general,  dispersion  statistics,  primarily  the  IQR,  appeared  to  be  the  best  characteristics  for 
discriminating  between  visual  environments. 

Rate  analyses 

Up  to  this  point  all  of  the  characteristics  of  head  motion  that  have  been  investigated 
have  related  to  position.  It  may  easily  be  argued  that  more  va  luable  information 
regarding  head  motion  can  be  obtained  from  investigating  the  frequencies,  magnitudes 
and  rates  (velocities)  of  change  in  head  position.  Three  possible  new  characteristics  for 
investigation  are  reversals,  excursions,  and  head  velocities.  Reversals,  which  measure 
frequency  of  head  movement,  are  defined  as  the  number  of  times  that  the  pilot  changes 
movement  from  one  direction  to  the  other  during  the  cycle.  Excursions  (magnitudes)  are 
a  measurement  of  the  angular  distance  that  the  pilot’s  head  travels  in  degrees  between 
reversals,  and  velocities  are  a  measure  of  the  rate  of  speed  in  which  the  pilot  moves  his 
head  during  excursions. 

Reversals 


The  first  temporal  characteristic  is  based  on  the  number  of  times  the  pilot  reverses  head 
movement  from  one  direction  to  the  other,  e.g.,  reversing  from  moving  towards  the  right 
to  moving  towards  the  left.  To  account  for  the  differences  in  run  times,  a  reversal  rate 
was  adopted  and  was  expressed  as  the  number  of  reversals  per  minute.  Tables  G- 1  to  G- 
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4  in  Appendix  G  present  the  number  of  reversals  and  reversal  rates  for  each  run  for  all 
subjects  by  visual  environment.  Mean  reversal  rates  were  calculated  and  are  presented  in 
Table  1 1  with  rank  orders  within  subjects  provided  in  parenthesis.  These  mean  reversal 
rates  are  plotted  with  ±1  standard  deviation  bars  in  Figure  29. 


Figure  29.  Reversal  standard  deviation  charts  showing  +1  and  —1  standard  deviation  and 
means  by  subject,  by  visual  environment. 

An  examination  of  Figure  29  shows  considerable  variability  in  the  mean  reversal  rates 
between  visual  environments  for  all  of  the  subjects.  As  with  the  measures  of  dispersion, 
ranking  of  these  rates  appears  to  be  the  only  meaningful  analysis.  For  three  of  the  four 
subjects,  mean  reversal  rates  for  the  GVE  and  NVG  visual  environments  were  ranked 
first  and  second,  respectively.  For  the  three  subjects  for  which  TIO  and  RWS  data  were 
present,  these  mean  reversal  rates  were  similar  in  value  and  less  than  those  rates  for  GVE 
and  NVG.  The  RWS  mean  reversal  rate  was  always  ranked  4th. 

Table  11. 

Mean  reversal  rates. 


fill 

Subject  #1 

Subject  #2 

Subject  #3 

Subject  #4 

i~~  GVE 

35.6(2) 

39.0(1) 

31.7(3) 

25.7(2)  | 

NVG 

38.7(1) 

37.3(2) 

41.7(1) 

32.3(1) 

TIO 

32.9(3) 

29.6(3) 

34.3(2) 

N/A 

RWS 

Tt  T  i  M 

31.6(4) 

24.0(4) 

26.8(4) 

N/A 

Note:  Means  expressed  in  reversals  per  minute. 
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As  with  the  measures  of  dispersion,  the  Spearman  rank -correlation  was  used  to  test 
correlation  between  subjects  (Table  12).  Due  to  the  variation  across  subjects  and  the  lack 
of  sample  size,  mean  reversal  rate  is,  at  best,  only  a  weak  indicator  of  the  difference  in 
head  motion  within  the  four  different  visual  environments. 

Table  12. 

Spearman  ranking  correlation. 
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Excursions 


The  second  temporal  characteristic  investigated  was  excursions.  An  excursion  is 
defined  as  the  distance  the  pilot  moved  his  head  between  reversals  expressed  in  degrees. 
Distribution  histograms  for  excursion  values  for  individual  runs  for  each  subject  and 
visual  environment  are  presented  in  Appendix  H.  Combined  histograms  overlaid  with 
cumulative  frequency  curves  are  shown  in  Fig.  30-33.  Excursion  values  representing  the 
25th-,  50th-,  95th-,  and  99th -percentile  points  are  presented  in  Table  13  for  the  combined 
excursion  distributions.  Tables  summarizing  the  azimuth  excursion  data  by  subject  and 
visual  environment  are  presented  in  Appendix  I.  Box-plots  are  presented  in  Appendix  J. 

Examining  the  histograms,  box-plots  and  tables,  the  following  observations  or  features 
were  noted.  First,  the  distributions  of  excursions  values  varied  greatly  even  for 
individual  runs  for  a  given  subject  and  visual  condition.  Second,  across  all  subjects  and 
visual  environments,  the  smallest  and  largest  head  excursions  recorded  were  0.01°  and 
121.4°,  respectively.  Excursions  of  greater  than  100°  were  confined  to  the  GVE  and 
NVG  visual  environments.  For  all  subjects  across  all  visual  conditions,  95%  of  the 
excursions  were  83°  or  less  in  size.  Third,  the  first  and  second  quartile  ranges  for  the 
RWS  visual  environment  were  very  small  compared  to  the  third  and  fourth  quartiles. 

From  Table  13,  the  25th-percentile  values  were  3°  for  each  of  the  three  subjects  having 
RWS  runs;  the  50th-percentile  values  were  16°,  6°,  and  9°,  respectively.  The  most 
reasonable  explanation  for  this  abundance  of  small  excursions  is  that  the  pilot  was  relying 
heavily  on  the  added  symbology  provided  by  the  RWS  condition  and  made  fewer 
moderate  to  large  angular  head  movements. 

Overall,  with  the  one  exception  of  an  increased  frequency  of  small  head  movements 
associated  with  the  RWS  visual  environment,  examination  of  the  distribution  of  the  head 
excursions  provided  no  definitive  differences  between  the  four  visual  environments.  The 
distribution  shapes  were  not  well  defined  for  any  visual  environment. 
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Table  13. 

Cumulative  excursion  percentile  values. 


Subject 

25% 

50% 

95% 

99% 

Subject#! 

GVE 

9 

26 

64 

NVG 

14 

28 

57 

7J 

TIO 

9 

35 

67 

94 

RWS 

3 

16 

56 

66 

■HUH 

/ 

;  i!" 

ISlllilliilfii!! 

Subject  #2 

h  GVE 

10 

27 

83 

109 
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16 

37 

77 

■EH 
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16 

54 

71 

RWS 
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6 

49 

81 

ll  ||  ;|f  ft  '  1 1: 

- 

f.  |  I 

Subject  #3 

GVE 

9 

21 

49 

81 

NVG 

15 

27 

62 

101 

TIO 

8 

17 

53 

75 

RWS 

3 

9 

57 

93 

iliili!!!  il||g|H||||!ii; 

j§ 

Subject  #4 

GVE 

3 

8 

46 

79 

NVG 

8 

26 

61 

77 

TIO 

illll ' 

g 

one  Ipft  ‘  f'/\ 

RWS 

4T 

:  ..  g 

Note:  All  values  expressed  in  degrees. 


In  an  attempt  to  obtain  an  overall  sense  of  the  range  of  excursions  exhibited  by  all  of 
the  pilots,  for  all  of  the  visual  environments,  a  histogram  of  excursion  size  combining 
across  all  runs  was  constructed  (Figure  34).  This  overall  distribution  has  the  following 
statistics:  Mean  of  25.2°,  median  of  22.0°,  standard  deviation  of  20.8°,  and  IQR  of  32.1°. 
An  overlaid  cumulative  frequency  curve  indicates  50%  of  all  excursions  were  22°  or  less. 
The  95%  and  99%  excursion  values  were  62°  and  93°,  respectively.  The  largest 
(maximum)  excursion  exhibited  by  any  pilot  during  any  run  was  122°. 

Velocity 

Biomechanical  and  physiological  data  (Zangemeister  and  Stark,  1981;  Durluch  and 
Mavor,  1995)  support  unloaded  head  velocity  values  as  high  as  600°/sec.  Larger  peak 
velocity  values  are  associated  with  increasing  size  of  head  motion  excursions.  It  is  very 
likely  that  when  the  head  is  supporting  additional  weights  of  HMDs,  peak  velocity  values 
would  be  less. 

For  these  analyses,  all  velocity  values  were  expressed  as  positive  in  value.  There  was 
no  attempt  to  separate  velocities  of  motions  to  the  left  from  motions  to  the  right. 

Velocity  values  were  calculated  from  the  time-sequenced  azimuth  position  data  using  an 
algorithm  based  on  the  central  derivative  (Bloch,  2000),  The  algorithm  calculated  the 
instantaneous  velocities  at  the  middle  of  a  moving  three-point  interval  of  the  time- 
sequenced  data.  Velocities  at  the  initial  and  final  data  points  were  not  calculated.  An 
inspection  of  the  resulting  velocities  verified  there  were  no  artifacts  introduced  by  the 
derivative  process. 
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Figure  30.  Subject  #1  combined  excursion  histograms  by  flight  type  with 
cumulative  frequency  curve. 
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Figure  32.  Subject  #3  combined  excursion  histograms  by  flight  type  with 
cumulative  frequency  curve. 
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Figure  33.  Subject  #4  combined  excursion  histograms  by  flight  type  with 
cumulative  frequency  curve. 


Figure  34.  Overall  excursion  histogram  for  all  subjects,  for  all  visual  environments 
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Velocity  distribution  histograms 

As  with  head  position  data,  the  use  of  histograms  to  represent  the  velocity  distributions 
is  a  fundamental  technique  in  the  understanding  of  head  motion.  The  histograms 
presented  herein  use  1 -degree  per  sec  (°/sec)  intervals.  As  with  the  position  data,  for  the 
combinations  of  four  subjects,  four  visual  environments  and  two  LOAs,  there  were  1 03 
azimuth  velocity  distributions  available  for  analysis.  (See  Table  6.) 

Individual  velocity  distributions.  Subject  #1  has  a  total  of  25  velocity  histograms  that 
represent  the  various  combinations  of  LOA,  run  type  and  visual  environment;  subject  #2 
has  24  histograms;  subject  #3  has  34  histograms;  and  subject  #4  has  20  histograms.  The 
resulting  individual  velocity  histograms,  with  cumulative  frequency  curves  overlaid,  are 
presented  in  Appendix  K.  Examining  these  individual  histograms  for  general 
characteristics  and  trends  for  each  subject  and  visual  condition  yields  the  following: 

Subject  #1.  The  individual  GVE  head  position  distributions  for  subject  #1  (Figure  K-l) 
present  the  following  characteristics:  a)  Cumulative  frequency  curves  become 
asymptotic  at  velocities  equal  to  or  greater  than  1 10° /sec,  and  b)  the  beginning 
slopes  of  the  cumulative  frequency  curves  have  a  gradual  rise  implying  that  the 
frequency  of  the  low  velocity  values  are  spread  out  over  a  larger  range. 

NVG  head  velocity  distributions  for  subject  #1  (Figure  K-2)  present  the  following 
characteristics:  a)  Cumulative  frequency  curves  become  asymptotic  at  velocities 
equal  to  or  less  than  100°/sec,  and  b)  the  beginning  slopes  of  the  cumulative 
frequency  curves  are  even  more  gradual  than  for  the  GVE  visual  condition. 

TIO  head  velocity  distributions  for  subject  #1  (Figure  K-3)  present  the  following 
characteristics:  a)  Cumulative  frequency  curves  become  asymptotic  at  velocities 
equal  to  or  less  than  20°/sec,  and  b)  the  beginning  slopes  of  the  cumulative 
frequency  curves  are  much  steeper  than  for  the  GVE  and  NVG  visual  conditions. 

RWS  head  velocity  distributions  for  subject  #1  (Figure  K-4)  present  the  following 
characteristics:  a)  Cumulative  frequency  curves  become  asymptotic  at  velocities 
between  80-90°/sec,  and  b)  the  beginning  slopes  of  the  cumulative  frequency 
curves  are  steeper  than  for  the  GVE  and  NVG  visual  conditions  but  not  as  steep 
as  the  TIO  visual  environment. 

Subject  #2.  The  GVE  head  velocity  distributions  for  subject  #2  (Figure  K-5)  present  the 
following  characteristics:  a)  Cumulative  frequency  curves  become  asymptotic  at 
velocities  equal  to  or  greater  than  1 10°/sec,  and  b)  the  beginning  slopes  of  the 
cumulative  frequency  curves  have  a  gradual  rise  implying  that  the  frequency  of 
the  low  velocity  values  are  spread  out  over  a  larger  range. 

NVG  head  velocity  distributions  for  subject  #2  (Figure  K-6)  present  the  following 
characteristics:  a)  Cumulative  frequency  curves  are  not  consistent  and  become 
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asymptotic  at  velocities  between  95-140°/sec,  and  b)  the  beginning  slopes  of  the 
cumulative  frequency  curves  are  not  quite  as  gradual  as  the  GVE  visual  condition. 

TIO  head  velocity  distributions  for  subject  #2  (Figure  K-7)  present  the  following 
characteristics:  a)  Cumulative  frequency  curves  are  not  consistent  and  become 
asymptotic  at  velocities  between  55-105°/sec,  and  b)  the  beginning  slopes  of  the 
cumulative  frequency  curves  are  steeper  than  the  GVE  and  NVG  visual 
conditions. 

RWS  head  velocity  distributions  for  subject  #2  (Figure  K-8)  present  the  following 
characteristics:  a)  Cumulative  frequency  curves  become  asymptotic  at  velocities 
between  55-85°/sec,  and  b)  the  beginning  slopes  of  the  cumulative  frequency 
curves  are  steeper  than  for  the  GVE,  NVG,  and  TIO  visual  conditions  with  sharp 
transitions  to  a  very  gradual  slope. 

Subject  #3.  The  GVE  head  velocity  distributions  for  subject  #3  (Figure  K-9)  present  the 
following  characteristics:  a)  Cumulative  frequency  curves  are  not  consistent  and 
become  asymptotic  at  velocities  between  50-95°/sec,  and  b)  the  beginning  slopes 
of  the  cumulative  frequency  curves  have  a  gradual  rise  implying  that  the 
frequency  of  the  low  velocity  values  are  spread  out  over  a  larger  range. 

NVG  head  velocity  distributions  for  subject  #3  (Figure  K-10)  present  the 
following  characteristics:  a)  Cumulative  frequency  curves  become  asymptotic  at 
velocities  equal  to  or  greater  than  100°/sec,  and  b)  the  beginning  slopes  of  the 

cumulative  frequency  curves  are  even  more  gradual  than  for  the  GVE  visual 
condition. 

TIO  head  velocity  distributions  for  subject  #3  (Figure  K-l  1)  present  the  following 
characteristics:  a)  Cumulative  frequency  curves  become  asymptotic  at  velocities 
equal  to  or  less  than  75°/sec,  and  b)  the  beginning  slopes  of  the  cumulative 
frequency  curves  are  similar  to  the  GVE  curves,  but  are  steeper  than  for  NVG 
visual  condition. 

RWS  head  position  distributions  for  subject  #3  (Figure  K-l 2)  present  the 
following  characteristics:  a)  Cumulative  frequency  curves  become  asymptotic  at 
velocities,  on  average,  about  40-45°/sec  with  a  few  as  high  as  65°/sec,  and  b)  the 
cumulative  frequency  curves  have  a  steeper  climb  than  for  the  subjects  other  three 
flight  conditions. 

Subject  #4.  The  GVE  head  velocity  distributions  for  subject  #4  (Figure  K-13)  present  the 
following  characteristics:  a)  Cumulative  frequency  curves  are  not  consistent  and 
become  asymptotic  at  velocities  between  35-90°/sec,  and  b)  the  beginning  slopes 
of  the  cumulative  frequency  curves  have  moderate  steepness  ind  icating  a  high 
frequency  of  lower  velocities. 
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NVG  head  velocity  distributions  for  subject  #4  (Figure  K-14)  present  the 
following  characteristics:  a)  Cumulative  frequency  curves  become  asymptotic  at 
velocities  of  80°/sec  or  less  except  for  a  few  as  high  as  120°/sec,  and  b)  the 
beginning  slopes  of  the  cumulative  frequency  curves  are  more  gradual  than  for  the 
GVE  visual  condition. 

Note:  Head  position  data  for  subject  #4  were  not  available  for  TIO  and  RWS 
visual  environments. 

Combined  velocity  histograms.  As  with  the  position  data,  it  is  argued  that  combined 
velocity  histograms  are  more  useful  in  understanding  the  general  (average)  nature  of  head 
velocities  present  in  the  shalom  course  flown  in  this  study.  Figures  35-38  present  the 
combined  velocity  distributions  by  subject  and  visual  environment.  Note  that  head 
velocity  data  for  subject  #4  were  available  for  only  two  visual  environments,  GVE  and 
NVG.  As  with  the  individual  distributions,  these  combined  distributions  can  be 
examined  visually  for  general  characteristics  and  trends.  The  following  observations  are 
made: 

Subject  #1.  The  combined  GVE  head  velocity  distribution  for  subject  #1  (Figure  35) 

present  the  following  characteristics:  a)  The  cumulative  frequency  curve  becomes 
asymptotic  near  135°/sec,  and  b)  the  50-percent  velocity  value  is  12°/sec. 

The  combined  NVG  head  velocity  distribution  for  subject  #1  (Figure  35)  shows: 

a)  The  cumulative  frequency  curve  becomes  asymptotic  at  around  145°/sec,  and 

b)  the  50-percent  velocity  value  is  14°/sec. 

The  combined  TIO  head  velocity  distribution  for  subject  #1  (Figure  35)  shows:  a) 
The  cumulative  frequency  curve  becomes  asymptotic  near  20°/sec,  and  b)  the  50- 
percent  velocity  value  is  3°/sec. 

The  combined  RWS  head  velocity  distribution  for  subject  #1  (Figure  35)  shows: 
a)  the  cumulative  frequency  curve  becomes  asymptotic  near  1 10°/sec,  b)  the  50- 
percent  velocity  value  is  6°/sec. 

Subject  #2.  The  combined  GVE  head  velocity  distribution  for  subject  #2  (Figure  36) 

present  the  following  characteristics:  a)  The  cumulative  frequency  curve  becomes 
asymptotic  near  170°/sec,  and  b)  the  50-percent  velocity  value  is  12°/sec. 

The  combined  NVG  head  velocity  distribution  for  subject  #2  (Figure  36)  present 
the  following  characteristics:  a)  The  cumulative  frequency  curve  become 
asymptotic  near  150°/sec,  and  b)  the  50-percent  velocity  value  is  13°/sec. 
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Figure  35.  Combined  velocity  histograms  for  subject  #1 . 
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Figure  36.  Combined  velocity  histograms  for  subject  #2. 
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Figure  38.  Combined  velocity  histograms  for  subject  #4. 

The  combined  TIO  head  velocity  distribution  for  subject  #2  (Figure  36)  shows:  a) 
The  cumulative  frequency  curve  becomes  asymptotic  near  1 10°/sec,  and  b)  the 
50-percent  velocity  value  is  7°/sec. 

The  combined  RWS  head  velocity  distribution  for  subject  #2  (Figure  36)  shows: 
a)  The  cumulative  frequency  curve  becomes  asymptotic  near  80°/sec,  and  b)  the 
50-percent  velocity  value  is  4°/sec. 

Subject  #3.  The  combined  GVE  head  velocity  distribution  for  subject  #3  (Figure  37) 

present  the  following  characteristics:  a)  The  cumulative  frequency  curve  becomes 
asymptotic  near  90°/sec,  and  b)  the  50-percent  velocity  value  is  1  l°/sec. 

The  combined  NVG  head  velocity  distribution  for  subject  #3  (Figure  37)  present 
the  following  characteristics:  a)  The  cumulative  frequency  curve  becomes 
asymptotic  near  180°/sec,  and  b)  the  50-percent  velocity  value  is  17°/sec. 

The  combined  TIO  head  velocity  distribution  for  subject  #3  (Figure  37)  shows:  a) 
The  cumulative  frequency  curve  becomes  asymptotic  near  1 10°/sec,  and  b)  the 
50-percent  velocity  value  is  9°/sec. 
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The  combined  RWS  head  velocity  distribution  for  subject  #3  (Figure  37)  shows: 
a)  The  cumulative  frequency  curve  asymptotic  near  105°/sec,  and  b)  the  50- 
percent  velocity  value  is  7°/sec. 


Subject  #4.  The  combined  GVE  head  velocity  distribution  for  subject  #4  (Figure  38) 
present  the  following  characteristics:  a)  The  cumulative  frequency  becomes 
asymptotic  at  around  175°/sec,  and  b)  the  50-percent  velocity  value  is  6°/sec. 

The  combined  NVG  head  velocity  distribution  for  subject  #4(Figure  38)  present 
the  following  characteristics:  a)  The  cumulative  frequency  curve  becomes 
asymptotic  at  around  125°/sec,  and  b)  the  50-percent  velocity  value  is  10°/sec. 

When  the  above  observations  are  examined  across  subjects,  the  50-percent  velocity 
values  range  from  11-17  °/sec  for  the  GVE  and  NVG  visual  conditions,  and  3-10°/sec  for 
the  TIO  and  RWS  visual  conditions.  In  general,  the  asymptotic  velocity  values  are 
greater  for  the  GVE  and  NVG  visual  conditions,  and  the  50-percent  velocities  for  the  two 
HMD  visual  conditions  (  TIO  and  RWS)  are  approximately  half  of  those  values  for  the 
GVE  an  NVG  velocities. 

As  with  excursions,  it  was  useful  to  construct  a  histogram  that  represents  all  velocities 
exhibited  by  all  pilots  during  all  runs  (Figure  39).  This  overall  distribution  has  the 
following  statistics:  Mean  of  17°/sec,  median  of  9°/sec,  standard  deviation  of  24°/sec,  and 
IQR  of  17°/sec.  An  overlaid  cumulative  frequency  curve  indicates  that  50%  of  all 
velocities  were  9°/sec  or  less.  The  95%  and  99%  velocity  values  were  66°/sec  and 
121°/sec,  respectively.  The  largest  (maximum)  velocity  exhibited  by  any  pilot  during 
any  run  was  362°/sec. 


Figure  39.  Overall  velocity  histogram  for  all  subjects,  for  all  visual  environments. 
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Velocity  distribution  statistics 


While  distribution  shape  provides  a  basic  understanding  of  the  ongoing  head  motion, 
the  semi- quantitative  nature  of  distribution  histograms  does  not  allow  for  comprehensive 
comparison.  For  this  reason,  distributions  often  are  described  further  by  the  distribution’ 
moments  and  other  additional  statistics.  For  the  velocity  distributions  presented  herein, 
the  maximum,  mean,  median,  standard  deviation,  and  IQR  have  been  calculated. 

Summary  individual  and  combined  distribution  moments  and  statistics  tables  for  all 
subjects,  grouped  by  visual  environment,  are  provided  in  Appendix  I.  However, 
following  the  previous  arguments  that  comparisons  can  be  based  on  the  combined 
distributions,  a  summary  of  the  calculated  distribution  moments  and  statistics  by  subject 
and  visual  environment  for  the  combined  distributions  only  is  presented  in  Table  14. 
Provided  in  parentheses  beside  each  value  is  the  within  subject  rank  of  that  value  for  the 
selected  statistic. 


Table  14. 

Combined  azimuth  velocity  summary  by  subject  and  visual  environment. 

Time  expressed  in  seconds;  other  dimensional  statistics  expressed  in  7sec,  ranks  within  subject 

given  in  ( ). 


Subject 

Visual 

Environment 

Time 

Max 

Mean 

Median 

S.D. 

IQR 

1 

GVE 

690.6 
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WESSM 
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1 
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MB 
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2 

GVE 
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■urn 
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Bm 

2 

NVG 

452.0 
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Emu 

■Min 

Encrai 

5  to  37(1) 

2 

TIO 

320.7 

113 

13.0(3) 

mm 

2 

RWS 

465.8 
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Km 

1 

KEES1 

■B 

■ 

3 

GVE 

677.7 

191 

UH01 

mnsm 

m 

BK 

3 

NVG 

525.1 

247 

Bunn 

■urn 

n 

MrlBIMIH 

3 

TIO 

414.4 

127 

16.0(3) 

Km 

meeeh 

■HI 

3 

RWS 

497.8 

116 

Ilia 

mm 

■tIBlEIElil 

HI 

4 

GVE 

582.0 

215 

■  II*T ¥*m 

1B5S1 

4 

NVG 

557.3 

175 

19.7(1) 

Km 

m 

4  to  26(1) 

4 

TIO 

None 

4 

RWS 

An  examination  of  Appendix  I  and  Table  14  lead  to  the  identification  of  a  number  of 
characteristics  and  trends.  For  all  subjects,  the  mean  and  median  velocity  values  and  the 
IQR  range  of  velocity  values  were  greatest  for  the  NVG  visual  environment.  The  GVE 
visual  condition  have  the  second  greatest  values  for  these  statistics.  In  general,  the  GVE 
and  NVG  visual  conditions  exhibited  higher  standard  deviation  values  than  the  TIO  and 
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RWS  visual  conditions.  With  the  exception  of  subject  #3,  the  GVE  condition  exhibited 
higher  maximum  velocity  values.  However,  these  maximum  velocities  ranged  greatly 
from  191°/sec  to  362°/sec. 


Graphical  comparison 

Graphical  comparisons  are  based  on  a  5-number  summary  box-plot  employed  in  the 
SPSS  for  Windows™  statistical  software.  The  box-plot  technique  provides  a  visual 
summary  of  a  data  set  by  emphasizing  a  select  set  of  statistic  values,  e.g.,  median, 
quartiles,  and  IQR.  Box-plots  for  combined  azimuth  velocity  distributions  for  all  subjects 
are  presented  in  Figures  40-43.  Individual  box-plots  for  all  subjects  by  visual 
environment  are  presented  in  Appendix  M.  It  should  also  be  noted  that  extreme  values 
have  been  removed  to  provide  a  less  cluttered  graphical  representation. 

From  the  box-plots  for  subject  #1  in  Figure  40,  the  following  characteristics  and  trends 
can  be  observed:  a)  The  GVE  and  NVG  box-plots  have  similar  1st  and  2nd  quartiles  and 
medians,  but  there  is  an  increase  in  the  3rd  and  4th  quartile  ranges  for  the  NVG  visual 
condition,  b)  all  TIO  quartiles  are  greatly  reduced  in  range  in  comparison  to  all  of  the 
other  visual  environments,  and  c)  the  RWS  quartiles  are  smaller  than  those  of  GVE  and 
NVG  but  are  larger  than  TIO. 


From  the  box-plots  for  subject  #2  in  Figure  41,  the  following  characteristics  and  trends 
can  be  observed:  a)  GVE  and  NVG  again  have  similar  1st  and  2nd  quartiles  and  medians, 
and  NVG  still  has  the  larger  3  and  41*1  quartiles  and  b)  the  TIO  combined  box-plot  has  a 
larger  quartile  range  and  median  than  RWS. 


From  the  box-plots  for  subject  #3  in  Figure  42,  the  following  characteristics  and  trends 
can  be  construed:  a)  NVG  has  the  largest  quartile  ranges  of  all  visual  conditions  and  b) 
RWS  has  decreased  quartile  ranges  and  median  when  compared  the  other  visual 
environments. 

From  the  box-plots  for  subject  #4  in  Figure  43,  the  following  characteristics  and  trends 
can  be  construed:  a)  NVG  has  the  larger  quartile  ranges  and  median  as  compared  to  GVE. 

Across  subjects,  the  NVG  visual  condition  has  the  greatest  velocity  range,  the  greatest 
IQR,  and  the  highest  median  velocity  values.  Box-plots  for  GVE  and  NVG  show 
similarities,  as  do  those  for  TIO  and  RWS.  As  first  identified  in  the  combined 
distribution  histograms,  lower  velocity  values  are  more  frequent,  causing  the  quartile 
ranges  ( 1 st  -  4th )  to  increase. 
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*Note:  Extreme  values  are  excluded  to  allow  for  better  visual  representation. 

igure  40.  Combined  azimuth  velocity  box-plots  for  subject  #1 . 


*Note:  Extreme  values  are  excluded  to  allow  for  better  visual  representation. 

Figure  41 .  Combined  azimuth  velocity  box-plots  for  subject  #2. 
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Velocity  (Degrees/second) 


To  investigate  the  trend  in  ranking  amongst  the  various  velocity  statistics,  Tables  15 
and  16  present  the  Spearman  rank -correlation  coefficients  for  two  measures  of  central 
tendency,  mean  and  median,  and  two  measures  of  dispersion,  standard  deviation  and 
IQR.  While  remembering  that  correlation  coefficients  involving  subject  #4  should  be 
given  less  weight  because  only  GVE  and  NVG  data  were  available,  the  Spearman  rank- 
correlation  tests  showed  a  strong  association  between  the  visual  environment  and  the 
mean,  median  and  IQR.  The  association  was  much  less  strong  for  the  standard  deviation 
statistic. 


Table  15. 

Spearman  rank-correlation  coefficients  for  velocity  mean  and  median. 
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Table  16. 

Spearman  rank-correlation  coefficients  for  velocity  standard  deviation  and  IQR. 
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Discussion 

Verona  et  al.  (1986)  identified  two  major  factors  that  influence  head  motion 
characteristics  in  rotary- wing  flight.  The  first  factor  is  aircraft  configuration,  which 
encompasses  crewstation  design,  seating  configuration  (tandem  vs.  side-by-side),  seat 
adjustment  (fore/aft  and  up/down),  and  transparency  (window)  locations.  The  second 
factor  is  the  flight  task/environment,  which  encompasses  the  flight  maneuver, 
terrain/route  familiarity,  and  threat  level.  The  introduction  of  HMDs  (to  include  NVGs) 
into  the  cockpit  with  their  reduced  FOVs  is  an  additional  element  of  the  flight 
task/environment  factor. 

For  the  data  analyzed  herein,  the  aircraft  had  side-by-side  seating  and  the  subject  was 
in  the  left  seat;  0°  was  associated  with  the  direction  directly  in  front  of  subject  (not  along 
the  centerline  of  the  aircraft):  The  two-part  forward  transparency  subtended  an  angle  of 
approximately  -40°  (left)  to  +60°  (right)  with  respect  to  the  subject  (depending  on  seat 
adjustment)  with  a  narrow  (~4°)  obstructing  center  rail  at  approximately  +20°  with 
respect  to  the  subject  pilot:  The  right  forward  transparency  subtended  an  angle  between 
approximately  +25°  to  +60°:  There  were  two  side- door  windows  subtending 
approximately  -75°  to  -40°  on  the  left  and  +65°  to  +80°  on  the  right  (but  blocked  by  the 
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safety  pilot)  (See  Figure  9):  The  flight  course  was  well  known  to  the  subject,  and  overall, 
the  slalom  maneuver  task  was  relatively  benign. 

Considering  the  preceding  discussion,  several  characteristics  of  the  resulting  head 
motion  for  the  data  herein  might  be  predicted.  First,  the  slalom  maneuver  over  a  familiar 
course  with  a  zero  threat  level  was  not  a  very  demanding  flight  task  requiring  large  head 
movements.  Except  for  standard  safety  reasons,  the  subject  might  be  expected  to  look 
primarily  forward.  However,  it  would  be  expected  that  the  use  of  HMDs  would  result  in 
an  increase  in  the  range  of  head  motion  in  an  attempt  to  compensate  for  the  reduced 
HMD  FOV,  Another  predicted  characteristic  is  the  effect  of  the  subject  being  seated  in 
the  left  seat  of  a  side-by-side  aircraft  with  the  added  vision  blockage  by  the  right-seated 
pilot  (for  GVE  and  NVG).  The  subject  had  the  advantage  of  (unmeasured)  eye 
movement  out  of  the  left  side,  but  was  required  to  rely  on  head  motion  to  view  right  due 
to  presence  of  safety  pilot. 

The  impact  on  head  motion  due  to  the  reduced  FOVs  for  NVG,  TIO  and  RWS  visual 
environments  is  worth  exploring  further.  When  the  47°  NVGs  were  worn,  the  pilot  was 
required  to  exercise  a  head  movement  in  order  to  see  an  object  more  than  approximately 
24°  to  the  left  or  right  of  his  current  line  of  sight.  For  the  53°  HMD  used  for  TIO  and 
RWS,  additional  head  movement  must  have  occurred  in  order  for  the  pilot  to  see  an 
object  more  than  approximately  27°  from  his  current  line  of  sight.  For  unaided,  daytime 
flight  (GVE),  the  human  eye  has  an  instantaneous  monocular  FOV  of  roughly  120°  (V) 
by  150°  (H).  When  both  eyes  are  considered,  the  overall  binocular  FOV  measures 
approximately  120°  (V)  by  200°  (H)  (Zucherman,  1954).  Humans  have  the  option  of 
both  eye  and  head  rotation  to  assist  in  viewing.  However,  in  a  static  scenario,  it  is 
generally  accepted  that  humans  will  use  eye  movements  to  view  objects  up  to 
approximately  15°  beyond  the  current  line  of  sight  direction,  beyond  which  head 
movement  will  occur  (Bahill,  Adler  and  Stark,  1975).  It  would  be  reasonable  to  predict 
that  between  the  NVG,  TIO  and  RWS  HMD  visual  environments,  that  NVG,  with  the 
smallest  instantaneous  FOV,  would  have  the  greatest  extent  of  head  motion.  When  GVE 
is  considered,  the  15°  value  must  not  be  interpreted  as  a  value  beyond  which  one  ’’must” 
invoke  head  movement.  While  NVG,  TIO  and  RWS  visual  environments  force  head 
movements  to  look  beyond  their  respective  FOVs,  GVE  allows  for  peripheral  vision  and 
head/eye  combination  movements,  precluding  forced  head  movement  in  many  situations. 
As  a  result,  speculation  on  head  movement  for  GVE  is  difficult.  In  fact,  it  is  more  logical 
to  use  head  motion  in  the  GVE  visual  environment  as  a  baseline  to  which  head  motion  in 
the  NVG,  TIO,  and  RWS  visual  environments  are  compared. 

The  GVE  visual  environment  provides  the  greatest  FOV,  that  of  the  human  visual 
system,  with  only  small  losses  due  to  the  presence  of  the  subjects  flight  helmet.  The 
NVG  visual  environment  results  in  the  additional  head  supported  weight  of  the  NVG 
system,  produces  a  forward  offset  center  of  gravity  (CG),  and  reduces  the  FOV  to  47°. 
These  factors  are  opposite  in  their  anticipated  impact  on  head  motion.  The  additional 
head- supported  weight  and  CG  offset  would  be  expected  to  reduce  both  range  of  head 
positions  and  velocities  through  the  impact  of  fatigue  and  moment  of  inertia.  The  two 
HMD  visual  environments,  TIO  and  RWS,  also  are  influenced  by  additional  head- 
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supported  weight  and  offset  CG.  The  FOV  for  these  two  environments,  at  53°,  is  reduced 
with  respect  to  the  GVE  environment  but  slightly  larger  than  the  47°  NVG  environment. 
Head  motion  for  these  two  environments  is  further  affected  by  the  inherent  delays 
associated  with  the  head  tracking  system  and  the  sensor/turret  gimbal. 

One  final  factor,  and  initial  driver  for  this  study,  is  the  possible  influence  of  motion 
sickness  on  head  motion.  The  actual  HMD  design  used  in  this  study  had  look- under, 
look-around  capability.  However,  this  capability  was  offset  by  the  use  of  the  SDVE 
system,  restricting  external  visual  input  to  that  solely  provided  by  the  FLIR  imagery  (and 
symbology  for  RWS).  This  produced  a  near  full- immersion  system  that  has  been  linked 
to  the  phenomenon  of  “cybersickness.”  Cybersickness  is  similar  to  simulator  sickness  in 
that  the  symptoms  of  motion  sickness  (e.g.,  nausea,  sweating,  pallor,  etc.)  can  result  from 
lack  of  correlation  between  visual  and  vestibular  sensory  inputs.  Of  course,  in  this  study 
both  inputs  were  present.  However,  imagery  presented  by  HMDs  has  a  measurable  delay 
in  its  presentation  due  to  lag  times  and  update  rates.  This  may  manifest  itself  as 
cybersickness  (Melzer  and  Moffitt,  1997;  Rash  (Ed.),  1999). 


Summary 
Position  analyses 

With  regard  to  head  position  data,  one  of  the  first  findings  concerned  the  variability  of 
the  data  within  and  between  subjects.  While  the  combined  distributions  were 
emphasized,  an  examination  of  each  of  the  individual  103  position  distributions  revealed 
considerable  variability,  both  within  and  between  subjects.  This  is  why  the  Chi-square 
analysis  above  was  not  very  meaningful.  This  analysis,  which  compared  the  distributions 
for  the  four  visual  environments  within  each  subject,  found  all  of  the  position 
distributions  to  be  statistically  different  from  each  other.  This  was  an  expected  result 
and,  while  certainly  true,  should  not  be  assigned  any  useful  importance. 

What  was  found  to  be  meaningful  is  the  ranked  relationship  of  the  dispersion  statistics 
for  the  four  visual  environments,  particularly  for  the  IQR.  For  all  subjects,  the  IQR  for 
NVG  was  larger  than  for  the  other  three  visual  environments.  Likewise,  the  IQR  for 
GVE  was  always  the  second  largest.  The  IQR  values  for  TIO  and  RWS,  the  most  closely 
related  visual  environments,  vie  for  third  and  fourth  ranking.  Based  on  this  finding,  the 
IQR  appears  to  be  the  most  valuable  statistic  for  comparing  head  position  distributions. 

Several  additional,  but  less  significant,  characteristics  and  trends  in  the  head  position 
data  were  identified: 

•  A  strong  central  mode  was  generally  present.  This  was  an  expected  finding  since 
pilots,  like  the  operator  of  any  other  vehicle,  tend  to  look  in  the  direction  of 
movement. 

•  The  means  and  medians  support  the  usually  strong  central  direction  mode. 
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•  All  kurtosis  values  are  negative,  between  0.0  and  - 1.1,  implying  the  distributions 
deviate,  to  a  degree,  from  normality. 

•  There  were  no  extreme  position  values  for  any  distribution.  This  was  not 
surprising,  since  the  threat  level  was  insignificant. 

•  Range  and  standard  deviation  were  not  as  strong  a  discriminator  for  the 
distributions  as  the  IQR  statistic  since  they  are  more  easily  influenced  by  the 
maximum  values  (left  and  right). 

•  The  consistent  presence  of  a  secondary  mode  at  45°  correlated  highly  with  the 
location  of  the  center  of  the  right  forward  transparency.  Less  understandable  was 
the  presence  of  this  mode  for  TIO  and  RWS  distributions,  since  the  visual  sensor 
for  these  visual  environments  was  located  on  the  nose  of  the  aircraft  and  was 
unaffected  by  the  obstruction  of  the  center  and  side  rails. 

•  The  spread  of  the  second  quartile  (left  side)  (Figures  21-24)  was  consistently 
smaller  than  for  the  third  quartile  (right  side).  This  may  have  been  a  result  of  the 
subject’s  position  in  the  left  seat  of  the  side-by-side  seating  allowing  the  use  of 
eye  movement  and  peripheral  vision  on  the  left  side,  in  contrast  to  the  obstructed 
view  on  the  right  side  due  to  the  safety  pilot  in  the  right  seat. 

•  Outliers  were  present  on  the  left  (negative)  side  for  the  TIO  and  RWS  visual 
environments. 


Rate  analyses 

With  regard  to  rate  of  change  in  head  position  across  the  four  visual  environments, 
three  parameters  were  investigated:  reversal  rates,  excursion  distributions,  and  velocities. 
Reversal  rates,  which  attempted  to  quantify  the  number  of  times  pilots  reversed  head 
motion  direction,  failed  to  show  significant  differences  between  the  visual  environments. 
However,  in  general,  there  was  a  trend  for  higher  reversal  rates  in  the  GVE  and  NVG 
(non-HMD)  visual  environments;  and,  the  RWS  mean  reversal  rate  was  always  the  least. 

Excursions  were  used  as  an  additional  measure  of  the  angular  rotation  of  the  head  by 
the  pilots  between  reversal  points,  expressed  in  degrees.  Histograms  of  excursion  sizes 
showed  angular  movements  as  large  as  122°.  However,  none  of  the  distribution 
histograms,  for  any  of  the  pilots,  for  any  of  the  visual  environments,  showed  any  high 
degree  of  similarities.  While  some  pilots  had  relatively  large  frequencies  of  smaller  head 
excursions  (<10° ),  other  pilots  had  higher  frequencies  of  moderate- sized  head  excursions 
(typically  20°  to  40°).  The  only  consistent,  although  weak,  trend  in  the  excursion 
distributions  was  that  the  NVG  excursions  were  more  evenly  distributed  across  the  range 
of  excursion  values.  An  analysis  of  all  excursions  collapsed  across  all  runs,  indicated  that 
50%  of  all  excursions  were  less  than  22°  in  size;  95%  were  less  than  62°. 

Velocities  exhibited  for  the  four  visual  environments  showed  greater  differences  than 
the  other  two  rate  parameters.  Velocities  were  consistently  greater  for  the  NVG 
environment.  This  was  true  for  the  mean,  median,  and  IQR  velocity  statistics.  The 
values  of  these  statistics  also,  in  general,  were  much  higher  for  the  GVE  and  NVG 
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environments  than  for  the  two  non-HMD  environments  (TIO  and  RWS).  For  three  of  the 
four  subjects,  the  largest  velocity  values  were  exhibited  during  GVE  runs. 

An  analysis  of  all  velocity  values  collapsed  across  all  runs,  indicated  that  50%  of  all 
velocities  were  less  than  9°/sec;  95%  were  less  than  66°/sec.  The  largest  velocity 
exhibited  by  any  pilot  during  any  run  was  362°/sec. 

The  Spearman  rank-correlation  tests  showed  a  strong  association  between  the  visual 
environment  and  the  mean,  median  and  IQR.  Therefore,  either  of  these  statistics  could  be 
used  for  discriminating  between  visual  environments. 

As  a  final  part  of  the  summary,  it  is  worthwhile  to  compare  the  results  of  this  current 
investigation  of  head  motion  with  the  previous  Verona.et  al.  study  (1986).  This 
comparison,  while  valid  only  for  the  GVE  environment,  would  be  based  on  the  only  other 
head  motion  database  available  that  represents  operational,  military,  rotary- wing  flight. 

In  Verona  et  al.  (1986),  6  male  U.S.  Army  aviators  flew  a  modified  UH-1M  Huey 
helicopter  over  a  circular  15- mile  contour  course  while  wearing  a  prototype  AH- 64 
Apache  helmet,  which  allowed  measurement  of  head  position.  In  both  studies,  the 
aircraft  had  side-by-side  seating  with  the  subject  pilot  in  the  left  seat.  The  most 
significant  difference  between  the  two  studies  was  the  level  of  aggression.  In  the  study 
reported  herein,  the  subjects  were  flying  a  well-known  flight  pattern  in  a  no-threat 
environment.  In  Verona  et  al.  (1986),  subjects  were  instructed  to  look  for  a  threat  aircraft 
that  would  appear  somewhere  in  their  FOV  during  the  flight. 

For  Verona  et  al.  (1986)  study,  the  combined  azimuth  position  and  velocity  histograms 
have  been  presented  previously  in  Figures  3  and  5,  respectively;  azimuth  position  and 
velocity  summary  statistics  were  presented  in  Tables  2  and  3,  respectively. 

To  facilitate  a  comparison  between  the  two  studies,  Figures  44  and  45  present  GVE 
azimuth  position  and  velocity  histograms,  respectively,  for  combined  for  all  subjects,  for 
the  current  study.  Due  to  the  less  demanding  nature  of  the  flights  in  the  current  study,  it 
is  reasonable  to  expect  less  extreme  head  positions  and  lower  velocities. 

In  Verona  et  al.  (1986),  the  combined  head  positions  ranged  from  approximately  -93° 
(left)  to  +90°  (right),  for  a  range  of  183°,  and  exhibited  a  positive  mean  and  median.  In 
the  current  study,  the  combined  head  positions  were  significantly  reduced  in  comparison, 
ranging  from  approximately  -71°  (left)  to  +66°  (right),  for  a  range  of  137°,  also  with  the 
overall  mean  and  median  positive  but  not  as  high  in  value  (Figure  44).  Further 
comparison  of  the  shapes  of  the  combined  azimuth  position  histograms  in  Figures  3  and 
44  shows  several  similarities.  These  include  a  clustering  of  head  positions  near  0° 
azimuth  (directly  in  front  of  the  pilot)  and  the  presence  of  secondary  mode(s)  -  near  35° 
for  the  Verona  et  al.  (1986)  data  and  (weakly)  at  25°  and  45°  for  the  current  data.  It  is 
speculated  that  the  modes  are  associated  with  obstructions  presented  by  windscreen  posts. 
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Figure  44.  Frequency  histogram  for  current  study  GVE  azimuth  position  combined  for 
all  subjects. 


For  velocity  comparison,  Verona  et  al.  (1986)  (Figure  5)  found  that  50%  of  the 
combined  azimuth  velocities  were  less  than  32.5°/sec;  90%  were  less  than  80°/sec;  and, 
while  no  maximum  velocity  was  reported,  the  cumulative  frequency  curve  (Figure  7) 
became  asymptotic  at  200°/sec.  In  the  current  study  (Figure  45),  the  median  (50%) 
velocity  for  GVE  was  significantly  slower  at  9°/sec;  90%  were  less  than  45°/sec;  and 
becomes  asymptotic  at  125°/sec  with  a  maximum  velocity  of  362°/sec.  As  was  expected, 
all  compared  velocity  figures- of- merit  were  lower  for  the  current  study  with  the  less 
demanding  flight  profiles. 


Figure  45.  Frequency  histogram  for  current  study  GVE  azimuth  velocity  combined  for 
all  subjects. 


Conclusions 


This  investigation  had  two  objectives.  The  first  was  to  expand  the  understanding  of 
the  head  motion  of  (Army)  pilots  in  an  operational  rotary-wing  environment,  especially 
while  wearing  various  HMD  configurations.  The  second  objective  was  to  identify  which 
characteristics  of  head  motion  position  and  velocity  data  could  be  used  to  differentiate 
between  head  motion  distributions  (e.g.,  different  visual  flight  environments). 

The  first  objective  was  met  via  the  construction  of  frequency  histograms  for  the 
measured  head  positions,  excursions,  and  velocities  for  four  different  visual  flight 
conditions,  i.e.,  GVE,  NVG,  TIO,  and  RWS.  These  distributions  were  defined  by  the 
calculation  of  their  moments  (i  .e.,  mean,  standard  deviation,  skewness,  and  kurtosis)  as 
well  as  additional  statistics  (e.g.,  minimum,  maximum,  median,  IQR,  etc). 

The  position  distributions  showed  strong,  but  expected,  central  modes  indicating 
considerable  time  spent  looking  forward.  While  head  position  distributions  were  not 
identical  in  shape  across  visual  environments,  there  was  considerable  equality  in  the 
ranges  of  head  position.  When  all  position  distributions  were  combined,  the  overall 
extreme  position  values  were  -71°  (left)  and  +66°(right)  for  a  total  range  of  137°.  When 
the  spread  of  head  position  values  was  examined  by  visual  environment,  the  NVG 
environment  produced  the  greatest  IQR  for  each  subject,  followed  by  the  GVE 
environment. 

The  maximum  velocity  exhibited  by  any  pilot  for  any  visual  environment  was 
362°/sec.  For  all  velocity  distributions  combined,  50%  of  all  velocities  were  9°/sec  or 
less;  90%  were  45°/sec  or  less;  and  over  99%  of  all  velocities  were  less  than  125°/sec. 
When  velocity  distributions  were  compared  by  visual  environment,  the  NVG 
environment  consistently  produced  the  largest  mean  and  median  velocities  and  the 
greatest  spread  in  velocities,  as  measured  by  the  IQR. 

The  major  thread  throughout  these  analyses  was  that  the  pilots  exhibited  greatest  head 
motion  for  the  NVG  environment.  The  two  HMD  configurations  (TIO  and  RWS)  were 
very  similar  in  exhibited  head  motion  not  indicating  any  significant  differences  between 
the  TIO  FLIR  imagery  alone  and  the  RWS  FLIR  imagery  plus  symbology. 

The  second  objective  was  achieved  by  the  finding  of  the  IQR  as  the  most  valid  statistic 
for  differentiating  between  head  position  distributions;  and,  the  finding  of  the  mean, 
median,  and  IQR  as  the  most  valid  statistics  for  differentiating  between  head  velocity 
distributions. 
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Appendix  A 

Discussion  on  analyzing  distributions. 
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Introduction 


The  data  sets  reported  herein  for  head  motion  position  and  velocities  consist  of 
distributions  of  numerical  values.  There  are  a  number  of  methods  used  to  analyze  such 
data  distributions.  The  first  method  employs  graphical  techniques.  Common  graphical 
techniques  include  frequency  histograms  and  cumulative  frequency  curves.  A  second 
method  is  the  calculation  of  various  summary  characteristics,  which  commonly  consist  of 
the  mean  (average  value),  median  (middle  value),  mode  (most  frequently  occurring 
value)  and  variance  (or  standard  deviation).  A  more  strict  mathematical  treatment 
defines  a  set  of  summary  characteristics  called  the  “moments”  of  the  distribution.  There 
are  four  such  moments:  First  (mean),  second  (variance),  third  (related  to  skewness),  and 
fourth  (related  to  kurtosis).  The  use  of  this  entire  set  of  moments  ordinarily  will  fully 
define  a  distribution  (Hays,  1963).  Once  the  distributions  are  fully  described  graphically 
and  mathematically,  they  can  be  compared  by  various  statistical  “goodness  of  fit” 
techniques  such  as  the  Chi-square  test. 

Graphical  techniques 

When  the  data  set  consists  of  a  large  number  of  values,  it  is  common  to  organize  them 
into  a  frequency  table.  The  range  of  the  data  set  is  calculated  and  divided  into  a  number 
of  classes  usually  of  equal  size  having  upper  and  lower  boundaries.  The  values  within 
the  data  set  are  then  placed  in  the  appropriate  class  and  then  tabulated.  See  example  in 
Table  A-l. 


Table  A-l. 

Example  of  frequency  table. 


Class 

Data  values 

Frequency 

1-25 

3,15,21,11,... 

11 

26-50 

45,  32,  26,31,... 

20 

51-75 

67,  53,  73,  61, ... 

28 

76-100 

99,  79,  83,  86, ... 

35 

101-125 

105,  124,  115,... 

39 

126-150 

131,  145,  128, ... 

27 

151-175 

174,  165,  155, ... 

19 

176-200 

199,  179,  195, ... 

13 

201-225 

223,  205,  220, ... 

8 

A  frequency  histogram  results  when  the  class  frequencies  are  graphed  as  a  vertical  bar 
chart.  The  bars  are  commonly  graphed  centered  on  the  class  midpoints.  See  Figure  A-l. 
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Figure  A- 1 .  Example  of  frequency  histogram. 


A  second  graphical  method  requires  two  additional  columns  being  added  to  the 
frequency  table  above.  The  first  extra  column  presents  the  cumulative  frequency  total  for 
all  preceding  classes.  The  second  column  provides  the  cumulative  percentage  of  data 
values  in  the  preceding  classes.  By  definition,  the  final  cumulative  frequency  must  equal 
the  total  number  of  data  values,  and  the  final  cumulative  percentage  must  equal  1 00.  See 
Table  A-2,  where  a  data  set  of  200  values  is  assumed. 

Table  A-2. 

Example  of  cumulative  frequency  table. 


Class 

Data  values 

Frequency 

2^5 

1-25 

3,  15,21,  11,25, ... 

11 

ii 

6% 

26-50 

45,  32,  26,31,... 

20 

31 

16% 

51-75 

67,  53,  73,  61,  55, ... 

28 

59 

30% 

76-100 

99,  79,  83,  86,  77, ... 

35 

94 

47% 

101-125 

39 

133 

66% 

i  126-150 

131,  145,  128, ... 

27 

160 

80% 

151-175 

174,  165,  155, ... 

19  | 

179 

90% 

176-200 

199,  179,  195, ... 

13 

192 

96% 

201-225 

EEEffQSESDHHI 

8 

200 

100  % 

A  cumulative  frequency  (or  percentage)  polygon  results  when  the  cumulative 
frequency  of  percentage  values  are  graphed  against  the  class  midpoints  (or  upper 
boundary  limits).  If  the  polygon  is  smoothed,  then  a  curve  often  referred  to  as  an  ogive  is 
produced.  See  Figure  A-2. 
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Figure  A-2.  Example  of  cumulative  percentage  curve. 

A  useful  alternative  to  the  cumulative  percentage  curve  can  be  derived  if  the  axes  are 
reversed  (Figure  A-3),  This  modified  curve  is  called  a  quantile  curve.  The  upper  and 
lower  ends  of  quantile  curves  terminate  at  the  minimum  and  maximum  data  values.  The 
slopes  of  the  quantile  curve  in  the  vicinity  of  the  ends  indicate  tte  presence  or  not  of 
outliers  (values  greatly  smaller  or  larger  than  the  majority  of  the  data  set);  steep  slopes 
indicate  outliers.  The  vertical  shift  from  zero  at  the  50-percentile  point  indicates  the 
value  and  direction  of  the  median. 


Figure  A-3.  Example  of  quantile  curve. 


A  final  useful  graphical  technique  is  the  box  plot  (or  box  and  whiskers)  presentation. 
Several  versions  of  boxplots  are  possible.  The  version  used  in  this  paper  is  based  on  a  5- 
number  summary  employed  in  the  SPSS  for  Windows™  statistical  software.  These 
numbers  are:  the  smallest  value  that  is  not  an  outlier,  the  first,  second  (median)  and  third 
quartiles,  and  the  largest  value  that  is  not  an  outlier.  The  first,  second  and  third  quartiles 
are  defined  as  the  25th,  50th  and  75th  percentile  values,  respectively.  SPSS  for  windows 
modifies  the  standard  boxplot  technique  in  several  ways.  First,  values  which  fall  between 
1.5  and  3  box- lengths  from  either  the  first  or  third  quartiles  are  called  outliers  and  are 
designated  in  the  graph  using  the  “o”  symbol.  Values  which  are  beyond  3  box- lengths 
are  called  extremes  and  are  designated  by  the  symbol.  The  box-length  is  equivalent 
to  the  interquartile  range  (IQR)  of  the  data  set.  See  Figure  A-4. 
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Figure  A-4.  Example  of  a  box  plot. 

Moments  of  a  distribution 

A  distribution  can  be  fully  defined  by  a  set  of  characteristics  known  as  the  “moments” 
of  the  distribution.  There  are  four  such  moments.  The  first  moment  of  a  distribution  is 
called  the  mean  The  mean  is  one  measire  of  central  tendency.  Other  measures  of 
central  tendency  are  the  median  and  the  mode.  The  mean  can  be  thought  of  as  a  fulcrum 
point  of  the  distribution  values.  The  value  of  the  mean  is  weighted  by  each  value  of  the 
distribution.  The  mean  calculated  for  the  head  motion  data  herein  is  the  arithmetic  mean 
and  is  defined  by  the  formula: 
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Mean  = 


2* 

i _ 

n 

Where,  “x,”  is  each  value  in  the  distribution  of  “n”  values. 


Note:  The  mean  value  calculated  above  is  the  first  moment  about  the  origin.  Moments 
can  be  calculated  about  the  mean,  also,  and  then  are  called  central  moments.  This 
approach  is  used  for  the  second,  third  and  fourth  moments  which  follow.  If  the  first 
moment  was  calculated  about  the  mean,  its  value  would  by  definition  always  be  zero. 


The  second  central  moment  is  a  measure  of  dispersion  and  is  called  the  variance  (s2). 
Variance  is  a  measure  of  spread  or  dispersion  within  the  data.  The  square  root  of  the 
variance  is  the  standard  deviation(s).  Herein,  the  variance  is  calculated  using  the 
formula: 


s 


2 


n(n- 1) 


Where,  “x,”  is  each  value  in  the  distribution  of  “n”  values. 


Skewness  is  a  function  of  the  third  central  moment  of  a  distribution  and  is  a  measure  of 
the  distribution’s  symmetry,  or  how  the  values  are  distributed  about  the  mean. 

Conversely,  skewness  is  the  degree  of  asymmetry  of  a  distribution.  If  the  distribution  has 
a  longer  tail  less  than  the  maximum  (to  the  left),  the  function  has  negative  skewness. 
Otherwise,  it  has  positive  skewness.  A  skewness  value  of  zero  implies  a  perfectly 
symmetrical  distribution  (the  left  half  of  the  distribution  is  a  mirror  image  of  the  right 
half).  For  a  positively  skewed  distribution,  the  mean  is  greater  than  the  median,  which  in 
turn,  is  greater  than  the  mode.  See  Figure  A-5,  Several  types  of  skewness  are  defined. 
The  values  reported  herein  were  calculated  using  the  following  formula: 


Skewness  = 


(»-0 

(«-!)(« -2) 


Where,  x^  is  each  value  in  the  distribution  of  “n”  values  having  a  standard  deviation  of 
“s”  and  mean  of  “x.” 
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Interval 


Figure  A-5.  Example  of  a  positively  skewed  distribution. 

Kurtosis  is  the  fourth  central  moment  of  a  distribution  and  is  a  measure  of  the 
“peakedness”  of  non- normality  of  a  distribution.  Positive  kurtosis  indicates  a  relatively 
peaked  distribution.  Negative  kurtosis  indicates  a  relatively  flat  distribution.  Several 
mathematical  expressions  for  kurtosis  are  used.  The  one  used  in  this  paper  is  that  used  by 
Microsoft  EXCEL™  : 


3(»-D2 

(«-2)(m-3) 

Where,  “xj”  is  each  value  in  the  distribution  of  “n”  values  having  a  standard  deviation  of 
“s”  and  mean  of  “x.” 


Kurtosis : 


n{rt  +  1J 


(w-1Yk-2)(h-3) 


x. 


Chi-square  comparison  of  distributions 

Two  or  more  multinomial  distributions  can  be  compared  using  the  Chi-square  test. 
Assume  the  three  elementary  school  children  age  groups  (distributions)  given  in  Table  A- 
3.  The  ages  in  all  three  groups  range  from  6  to  11.  The  values  which  the  age  variable 
can  take  on  are:  6,  7,  8,9,  10  and  1 1 . 


Table  A-3. 

Example  school  children  age  distributions. 


Group  1 

6,  6,  6,  8,  9,  9,  10,  10,  10,  10,  11,  11 

Group  2 

6,  6,  7,  7,  8,  8,  8,  9,  9,  9,  10,10,  10,  11 

Group  3 

6,  6,  7,  7,  7,  8,  8,  8,  9,  9,  9,  10,  10,  10,  11 

The  first  step  in  the  Chi-square  analysis  is  to  establish  the  following  contingency  table 
(Table  A-4).  The  data  values  are  recorded  as  frequencies  of  occurrence.  Frequencies  are 
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totaled  in  columns  and  rows.  The  values  in  parentheses  are  called  expected  values  and 
are  calculated  by  dividing  the  product  of  the  associated  row  and  column  totals  by  the 
grand  total  (right  lower  cell). 


Table  A-4. 

Contingency  table  for  school  children  age  data. 


6 

7 

8 

9 

10 

11 

Totals 

Group  1 

3 

(2.1) 

0 

(1.5) 

1 

(2.0) 

2 

(2-3) 

4 

(2.9) 

2 

(1-2) 

12 

Group  2 

2 

(2.4) 

2 

(1.7) 

3 

(2.4) 

3 

(2.7) 

3 

(3.4) 

1 

(1.4) 

14 

Group  3 

2 

(2.6) 

3 

(1.8) 

3 

(2.6) 

3 

(2.9) 

3 

(3.7) 

1 

(1.5) 

15 

Totals 

7 

5 

7 

8 

10 

4 

41 

The  Chi-square  test  statistic  is  defined  as: 


x1  =£ 


m  eij 


Where,  “n”  is  the  number  of  distributions,  “k”  is  the  number  of  values  the  distribution 
variable  can  take,  otj  is  the  observed  frequency  of  a  value,  and  e  is  the  expected 
frequency  of  that  value. 

For  the  distributions  in  Tables  A-3  and  A-4,  the  Chi-square  statistic  calculates  to  a 
value  of  5. 14  for  the  comparison.  The  number  of  degrees  of  freedom  (n- 1  )(k- 1 )  for  this 
test  is  10. 


In  this  paper,  the  one-tailed  probability  of  the  chi-square  distribution  is  calculated 
using  the  CHIDIST  function  used  by  Microsoft  EXCELJ^  .  For  the  above  example  with 
10  degrees  of  freedom  and  a  chi-square  statistic  value  of  5.14,  the  CHIDIST  function 
returns  a  probability  of  0.S8,  which  is  interpreted  loosely  as  there  being  an  88% 
probability  the  age  distributions  are  the  same. 
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Appendix  B. 

Azimuth  position  distributions. 


80 


Frequency  Frequency  Frequency  Frequency  Frequency 


Frequency 


82 


Frequency  Frequency 


83 


Frequency  Frequency  Frequency  Frequency 


84 


Frequency  |  |  Frequency  |  |  Frequency  |  |  Frequency 


Figure  B-6.  Subject  #2  NVG  head  position  data. 


Figure  B-7.  Subject  #2  TIO  head  position  data. 
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Frequency  Frequency 


Figure  B-8.  Subject  #2  RWS  head  position  data. 
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Frequency  Frequency  Frequency  Frequency  Frequency 


Figure  B-9.  Subject  #3  GVE  head  position  data. 
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Figure  B- 1 1 .  Subject  #3  TIO  head  position  data. 
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Figure  B-12.  Subject  #3  RWS  head  position  data. 
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Frequency  Frequency  Frequency  Frequency 


Figure  B- 1 3.  Subject  #4  GVE  head  position  data. 
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across  LOA  and  run  type. 


Figure  C-l.  Building  the  combined  head  motion  distribution  for  GVE. 
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Appendix  D. 

Summary  tables  of  azimuth  position  distributions  by  visual  environment. 
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Table  D-l. 

Summary  of  moments  and  statistics  for  azimuth  position,  slalom  course,  GVE. 
(azimuth  values  expressed  in  degrees) 


Run 

Time 

116 

76.9 

117 

75.7 

118 

76.9 

119 

76.0 

128 

45.2 

129 

48.1 

130 

48.6 

131 

43.8 

132 

45.6 

133 

49.8 

134 

51.1 

135 

52.9 

Combined 


IQR 


-18.0  to  21.8 


-13.6  to  20.8 


-9.6  to  18.8 


-7.9  to  24.6 


-12.6  to  33.4 


-10.5  to  28.5 


-13.9  to  37.0 


-8.8  to24.2 


-12.2  to  25.6 


-8.3  to  29.8 


-12.1  to  24.9 


-0.3 

-0.5 

-0.5 

-0.4 

Combined 


-6.6  to  23.8 


-14.0  to  26.5 


-9.6  to  29.8 


-9.9  to  27.4 


-12.8  to  26.0 


-6.3  to  24.1 


-9.7  to  26.4 


Combined 


-5.1  to  41 .2 


-6.7  to  36.2 


-9.0  to  36.5 


-7.7  to  36.5 


-1.6  to  36.8 


-2.1  to  35,4 


-2.6  to  31.6 


1.7  to  39.4 


-9.4  to  38.2 


-3.1  to  36.9 


-4.5  to  38.2 


-5.0  to  37.0 


Combined 


-11.0  to  13.2 


-7.2  to  14.1 


-24.8  to  26.9 


-22.0  to  25.8 


-20.1  to  25.0 


-20.1  to  13.4 


-13.7  to  15.9 


-10.1  to  18.9 


-12.9  to  17.9 


-10.3  to  27.6 
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Table  P-2. 

Summary  of  moments  and  statistics  for  azimuth  position,  slalom  course,  NVG. 
(azimuth  values  expressed  in  degrees,  time  in  seconds) 


Time 

Min 

105.7 

-65.3 

98.2 

-64.4 

51.3 

-65.8 

51.7 

-59.9 

EB 

-66.9 

54.0 

-62.8 

55.2 

-61.1 

467.2 

-66.9 

|1|  llfjllf- 

80.0 

-72.7 

80,9 

-77.9 

103.2 

-77.5 

70.6 

-68.0 

63.0 

-64.7 

54.3 

-74.7 

ISM 

-77.9 

SSSsiMiSsIli  mtmmsmm 

BOB 

-62.7 

73.9 

-60.8 

68.2 

-62.3 

50.5 

-59.3 

51.9 

-56.2 

52,6 

-62,3 

53.6 

-58.1 

53.8 

-54.3 

48.8 

-64.6 

525.1 

-64.6 

85.3 

-61.4 

81,9 

-58.3 

83.9 

-68.3 

52.7 

-68.6 

56.0 

-65.0 

49.8 

-55.2 

44.6 

-54.3 

47.0 

-57.0 

46.1 

-57.6 

547.3  | 

-68,6 

— ■ 

1856.1 

-77.9 

-0.2 


IQR 


-18.6  to  25.4 


-17.4  to  24.7  1-0.1 


-16.2  to  25.6  0.0 


-10.1  to  28.6  -0.2 


-12.0  to  31.7  -0.2 


-15.0  to  28.1  -0.1 


-9.0  to  32.7  -0.3 


-15.3  to  28,3  1-0.1 


-19.5  to  18.9 


to  24.6 


-15.4  to  20.7 


to  22.2 


-15.1  to  27.5 


to  22.1 


-18.2  to  22.3 


-9.9  to  42.1 


.7  to  38.7 


-12.1  to  36.8 


-9.4  to  30.9 


-15.4  to  32.7 


o  39.2 


-16.1  to  42.8 


-20.7  to  41,5 


-14.3  to  44,0 


-14.6  to  38.7 


-13.5  to  35.8 


-13.3  to  26.6 


-15.7  to  25,8 


-27.0  to  41.3 


-24.1  to  30,6 


-25.7  to  31.6 


-20.7  to  33.2 


-17.4  to  36,2 


-14.5  to  37.6 


8.6  to  32.7 


Skew  I  Kurt 


-0.9 


-15.7  to  30.4 
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Table  D-3. 

Summary  of  moments  and  statistics  for  azimuth  position,  slalom  course,  TIO. 
(azimuth  values  expressed  in  degrees,  time  in  seconds) 


IBOBOI 

Run 

Time 

Min 

Max 

Mean 

Median 

S.D. 

IQR 

Skew 

Kurt 

1 

138 

85.7 

-60.0 

58.3 

3.1 

3.8 

25.0 

-5.7  to  19.6 

-0.4 

0.0 

1 

139 

109.7 

-60.9 

61.1 

6.5 

1.8 

28.2 

-4.1  to  29.4 

-0.2 

-0.3 

1 

140 

120.4 

-72.2 

53.3 

5.0 

3.5 

30.1 

-6.6  to  31.9 

-0.5 

-0.4 

Combined 

315.8 

-72.2 

61.1 

Mrwi» 

2.8 

28.2 

-5.2  to  27.0 

-0.4 

-0.2 

gi:  I--.,:  !: 

2 

163 

70.0 

-54.3 

50.1 

1.9 

-1.0 

22.9 

-10.4  to  18.0 

-0.1 

-0.3 

2 

164 

82.5 

-63.6 

56.7 

1.4 

-2.9 

26.1 

-10.7  to  19.6 

-0.0 

-0.3 

2 

166 

80.1 

-58.3 

52.1 

-0.6 

-0.9 

25.0 

-12.3  to  16.5 

-0.4 

-0.1 

2 

167 

-67.9 

63.3 

2.0 

0.7 

27.3 

-10.9  to  13.9 

-01 

0.0 

Combined 

320.7 

-67.9 

63.3 

1.2 

-1.0 

25.5 

-10.9  to  17.7 

-0.1 

-0.1 

L:-- 

3 

144 

70.9 

-63.1 

57.5 

WEM 

4.0 

28.4 

-9.6  to  26.1 

-0.3 

-0.4 

3 

145 

89.3 

-55.2 

58.1 

1.5 

1.0 

26.6 

-18.8  to  22.2 

0.0 

-0.8 

3 

146 

97.9 

-67.1 

60.3 

1.0 

-3.2 

27.4 

-11.2  to  18.6 

-0.2 

-0.1 

3 

155 

71.9 

-68.4 

54.7 

-0.5 

-2.9 

28.9 

-18.1  to  21.9 

-0.2 

-0.6 

3 

157 

84.4 

-57.3 

50.7 

0.5 

0.2 

234.0 

-12.8  to  17.4 

-0.3 

-0.2 

Combined 

414.4 

-68.4 

60.3 

1.3 

-0.1 

27.1 

-13.4  to  20.1 

-0.2 

-0.4 

II;"- :  ’ 

4 

None 

EJ 

use 

All 

Subjects 

■ 

1059. 

9 

-72.2 

63.3 

2.4 

wm 

27.0 

-10.9  to  21.3 

-0.2 

-0.3 

Table  D-4. 

Summary  moments  and  statistics  for  azimuth  position,  slalom  course,  RWS, 
(azimuth  values  expressed  in  degrees,  time  in  seconds) 


Subject 

Run 

Time 

Min 

Max 

Mean 

Median 

S.D. 

IQR 

Skew 

Kurt 

1 

141 

106.2 

-58.9 

57.8 

7,3 

3.8 

26.6 

4.4  to  29.4 

-0.3 

-0.3 

1 

142 

102.0 

-61.4 

49.9 

2,5 

02 

22.2 

4.5  to  10.2 

-0.1 

0.7 

1 

■191 

120.0 

-60.5 

53.1 

62 

0.9 

25.7 

-3.9  to  26.1 

-0.1 

-0.1 

Combined 

Wmm 

328.2 

-61.4 

57.8 

5.4 

1.4 

25.0 

4.3  to  24,5 

-0.2 

-0.0 

09H  I 

■■■ 

_ 

BHil  If 

2 

mzvm 

832 

-66.3 

40.0 

12 

-2.9 

24.2 

-8.7  to  20.1 

-0.4 

-0,1 

2 

169 

89.1 

-51.1 

54.3 

5,1 

1.9 

25.9 

-9.2  to  24.1 

■iM 

-0.7 

2 

170 

■MM 

-53.1 

56.3 

1.1 

-2.7 

21.6 

-7.6  to  11.3 

0.4 

0.4 

2 

m 

63.6 

-49.4 

61.1 

2.5 

-3.5 

282 

-15.3  to  26.8 

0,2 

-1.5 

2 

175 

65.0 

-66.2 

42.8 

0.0 

-4.6 

25.8 

-10.1  to  18.3 

-0.3 

-0.5 

2 

176 

63.8 

-50.3 

53.6 

1.8 

-3.9 

26.0 

-19.3  to  23.2 

0.2 

-0.9 

Combined 

lil.l 

465.8 

-66.3 

61.1 

2.0 

-2.6 

25.1 

0.0 

-0.4 

■- 

A|lr-  f;J 

• 

d  1 

na—  1 

MMi 

3 

71.2 

-49.7 

47.3 

2,9 

12 

23.0 

-l.8to  17.8 

-0.2 

-0.5 

3 

159 

94.8 

-60.2 

43.3 

0.4 

3,8 

22.6 

-10.7  to  13.9 

-0.5 

-0,2 

3 

161 

61.2 

-582 

53.8 

1.1 

1.8 

25.1 

-10.0  to  12.9 

-0.1 

-0.1 

3 

162 

55.3 

-51.0 

51.0 

-0.6 

-1.9 

25,6 

-14.5  to  12.9 

0.0 

-0,6 

3 

180 

59.6 

-66.6 

50.5 

2.4 

7.7 

30.9 

-17.9  to  27.5 

-0.3 

-0.9 

3 

181 

58.9 

-67.7 

53.1 

-1.1 

5.0 

28.9 

-17.5  to  15.9 

-0.3 

-0.5 

3 

mh¥M 

52.9 

-59.1 

55.3 

4,1 

4,8 

31.5 

-18.1  to  32.5 

-0.2 

-u 

3 

183 

43.9 

-60.0 

48,9 

02 

3.5 

29.1 

-20.2  to  23.0 

-0.2 

-0,9 

Combined 

497.8 

-67.7 

55.3 

1.1 

2.7 

26.8 

-13.7  to  19.0 

-0.2 

-0.5 

t  m  iiii! 

■■i 

if? 

mum 

Sv 

;  •  .4  \  :  i 

.  -lii 

4 

None 

' '''  ~  j| 

2-  " : 

-  :  i 

■ 

BrfllSf 

III  ■  *  ’> * 

' 

All 

Subjects 

1291. 

8 

-67.7 

61.1 

2.5 

0.6 

25.8 

-10.2  to  19,6 

-0.1 

-0.4 

Appendix  E 

Azimuth  position  box-plots. 
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Figure  E-6.  Subject  #2  NVG  box  plots. 
103 


N  =  709  893  979  719  844  4144 


144  145  146  155  157  Combined 

Figure  &  1 1 .  Subject  #3  TIO  box  plots. 


» . ■■ - ■ - ■ - ■ - ■ 1  ■  i - ■  ■ 

N  =  712  948  612  653  596  589  529  493  5032 


158  159  161  162  180  181  182  183  Combined 

Figure  E-12.  Subject  #3  RWS  box  plots. 
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re  E- 13.  Subject  #4  GVE  box  plots. 


Appendix  F. 

Azimuth  position  quantile  curves  for  all  subjects  and  visual  environments. 
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Figure  F- 1 ,  Quantile  curves  for  subject  #1  ,GVE. 


gure  F-2.  Quantile  curves  for  subject  #1,  NVG, 
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Figure  F-3.  Quantile  curves  for  subject  #1,  TIO. 


Figure  F-4.  Quantile  curves  for  subject  #1  ,RWS. 
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Figure  F-5.  Quantile  curves  for  subject  #2,  GVE. 


Figure  F-6.  Quantile  curves  for  subject  #2,  NVG. 


ill 


Percentile 


Figure  F-7.  Quantile  curves  for  subject  #2,  TIO. 


Percentile 


Figure  F-8.  Quantile  curves  for  subject  #2,  RWS. 
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Figure  F- 1 1 .  Quantile  curves  for  subject  #3,  TIO. 
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Figure  F-12.  Quantile  curves  for  subject  #3,  RWS. 
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Figure  F- 13.  Quantile  curves  for  subject  #4,  GVE. 


Figure  F- 14.  Quantile  curves  for  subject  #4,  NVG. 
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Appendix  G. 

Azimuth  reversal  summary  tables. 
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Table  G-l. 

Summary  statistics  for  azimuth  reversals,  slalom  course,  GVE. 
(expressed  in  degrees) 


Table  G-2. 

Summary  statistics  for  azimuth  reversals,  slalom  course,  NVG. 
(expressed  in  degrees) 


Subject 

Run 

Time 

#  of 

Reversals 

Rev  /  min 

1 

108 

105.7 

77 

43.7 

1 

109 

98.2 

12 

44.0 

1 

110 

51.3 

21 

31.6 

1 

111 

51.7 

38 

44. 1 

1 

112 

51.1 

31 

36.4 

1 

121 

54.0 

26 

28.9 

1 

123 

55.2 

39 

42.4 

Combined 

467.2 

310 

38.7 

•?.  '  . 

2 

171 

80.0 

55 

41.3 

2 

172 

80.9 

50 

37.1 

2 

173 

103.2 

66 

38.4 

2 

177 

70.6 

46 

39.1 

2 

178 

63.0 

35 

33.3 

2 

179 

54.3 

31 

34.3 

Combined 

^  1  "  "  * 

452.0 

283 

37.3 

r_z 

•  * 

:V:  -Li- 

3 

51 

71.8 

55 

46.0 

3 

52 

73.9 

56 

45.5 

3 

53 

68.2 

47 

41.3 

3 

58 

50.5 

28 

33.3 

3 

59 

51.9 

31 

35.8 

3 

60 

52.6 

33 

37.6 

3 

68 

53.6 

42 

47.0 

3 

69 

53.8 

38 

42.4 

3 

70 

48.8 

38 

46.7 

Combined 

525.1 

368 

41.7 

... 

•  7/ ■  -  - 

4 

78 

55 

34.6 

4 

79 

81.9 

52 

38.1 

4 

80 

83.9 

57 

40.8 

4 

85 

52.7 

28 

31.9 

4 

86 

56.0 

33 

35.4 

4 

87 

49.8 

26 

31.3 

4 

96 

44.6 

21 

28.3 

4 

97 

47.0 

23 

29.4 

4 

98" 

46.1 

16 

20.8 

Combined 

557.3 

311 

32.3 

All 

Subjects 

■1 

2001.6 

1272 

38.1 
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Table  G-3. 

Summary  statistics  for  azimuth  reversals,  slalom  course,  TIO, 
(expressed  in  degrees) 


Subject 

Run 

Time 

#  of 
Reversals 

Rev  /min 

1 

138 

85.7 

46 

32.2 

1 

139 

109.7 

66 

36.1 

1 

140 

120.4 

61 

30.4 

Combine 

d 

ill : 

315.8 

173 

32.9 

HHl'’  /  1? 

:  *< 

2 

163 

70.0 

38 

32.6 

2 

164 

82.5 

46 

33.5 

2 

166 

80.1 

34 

25.5 

2 

167 

88.1 

39 

26.6 

Combine 

d 

320.7 

157 

29.6 

1! 

'  '  ' 

3 

144 

70.9 

39 

33.0 

3 

145 

89.3 

52 

34.9 

3 

146 

97.9 

59 

36.2 

3 

155 

71.9 

45 

37.6 

3 

157 

84.4 

42 

29.9 

Combine 

d 

t  I ;  ■ 

414.4 

237 

34.3 

HI:  -USf 

* 

- 

.  WjfL. 

4 

All 

Subjects 

1050.9 

567 

32.4 
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Table  G-4. 

Summary  statistics  for  azimuth  reversals,  slalom  course,  RWS. 
(expressed  in  degrees) 


Subject 

Run 

Time 

#  of 

Reversals 

Rev  /min 

1 

141 

106.2 

49 

27.7 

1 

142 

102.0 

58 

34.1 

1 

143 

120.0 

66 

33.0 

Combined 

328.2 

173 

31.6 

UHHHM 

HilPli 

2 

168 

83.2 

34 

24.5 

2 

169 

89.1 

40 

26.9 

2 

170 

101.1 

44 

26.1 

2 

174 

63.6 

21 

19.8 

2 

175 

65.0 

25 

23.1 

2 

176 

63.8 

25 

23.5 

Combined 

465.8 

189 

24.0 

mp ppfi 

mMHHS 

3 

158 

71.2 

28 

23.6 

3 

159 

94.8 

41 

25.9 

3 

161 

61.2 

27 

26.5 

3 

162 

55.3 

21 

22.8 

3 

180 

59.6 

29 

29.2 

3 

181 

58.9 

35 

35.7 

3 

182 

52.9 

19 

21.6 

3 

183 

43.9 

21 

28.7 

Combined 

497.8 

221 

26.8 

puppi 

1  4 

None 

HHHHH 

BBIH 

mi bbi 

IB 

■ 

1291.8 

583 

27.1 
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Appendix  H. 


Azimuth  excursion  distributions. 
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Head  Position  Excursion  GVE  #1  P 


Head  Position  Excursion  GVE  #1  P 
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Figure  H-l.  Subject  #1  GVE  head  position  excursion  histograms. 


122 


Frequency  Frequency 


Head  Position  Excursion  N¥€ 


0  10  20  33  40  50  60  70 


n  tsmnitiuinnmni 

80  90  100 


Degrees 


Head  Position  Excursion  NVG  #1  P 


0  10  20  30  40  50  60  70  80  90  100 

Degrees 


Head  Position  Excursion  NVG  i 


Degrees 


Head  Position  Excursion  NVG  #1  I 


Head  Position  Excursion  NVG  i 


8 
4 
0 

0  10  20  30  40  50  60  70  80  90  100 

Degrees 


0  10  20  30  40  50  60  70 

Degrees 


Head  Position  Excursion  NVG  #1 1 


wiiwiMMinwimiinumiHiiiniiiiiiimi 


40  50  60 

Degrees 


70  80  90  100 


Figure  FI-2.  Subject  #1  NVG  head  position  excursion  histograms. 


Frequency  |  Frequency 


Figure  H-3.  Subject  #1  TIO  head  position  excursion  histograms. 
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Frequency 


Figure  H-5.  Subject  #2  GVE  head  position  excursion  histograms. 
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Figure  H-6.  Subject  #2  NVG  head  position  excursion  histograms. 
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Head  Position  Excursion  TIO  #2 1 


Head  Position  Excursion  TIO  #2 1 


Figure  H-8.  Subject  #2  RWS  head  position  excursion  histograms. 
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Figure  H-9.  Subject  #3  GVE  head  position  excursion  histograms. 
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Figure  H-l  1.  Subject  #3  TIO  head  position  excursion  histograms. 
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Figure  H-12.  Subject  #3  RWS  head  position  excursion  histograms. 
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Figure  H-13.  Subject  #4  GVE  head  position  excursion  histograms. 


132 


Figure  H-14.  Subject  #4  NVG  head  position  excursion  histograms. 
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Appendix  I. 

Azimuth  excursion  summary  tables. 
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Subject 


Table  1-1. 

Summary  statistics  for  azimuth  excursions,  slalom  course,  GVE, 

_ (excursion  values  expressed  in  degrees) 

Time  |  #  of  |  Exc/min  |  Min  |  Max  |  Mean  |  Median 


Excursions 


57 


.4 

|  69.6  | 

1  26.8  1 

1  25.6 

Q 

5.4 

n 

6.3  to  38 .3 


3.5  to  40.5 


9.7  to  37.5 


6.7  to  36.2 


8.3  to  36.0 


11.5  to  37.6 


9.0  to  40.7 


10,9  to  49.8 


1 0.3  to  4 1 . 1 


to  36, 1 


11.3  to  42.3 


8.9  to  43.8 


7.2  to  38.3 


15.2  to  43.0 


5.6  to  33.9 


4,6  to  41.2 


14,0  to  41.2 


19,2  to  44.8 


8.3  to  39.5 


12.7  to  30,9 


0.8  to  37.6 


9.8  to  40.1 


10.1  to  32,1 


11.6  to  33.0 


18.3  to  30.9 


7.0  to  33.6 


7.6  to  33.3 


9.0  to  25.3 


9.8  to  31.0 


3.3  to  25.7 


13.4  to  26.3 


4,9  to  14.9 


5.6  to  28.7 


6.1  to  24.6 


8.1  to  30.0 


3.3  to  16.5 


2.8  to  15.2 


2.2  to  17.8 


4.3  to  36.3 


5.1  to  34.7 


4.9  to  29.8 


3.4  to  35.2 


3.9  to  26.4 


5.1  to  21.3 


2.7  to  26,5 


2,8  to  19.4 


2.8  to  25.5 


6.3  to  35.5 


135 


Table  1-2. 

Summary  statistics  for  azimuth  excursions,  slalom  course,  NVG. 
(expressed  in  degrees) 


Subject 

Run 

Time 

#  of 

Excursions 

Exc/ 

min 

Min 

Max 

Mean 

Median 

S.D. 

IQR 

1 

108 

105.7 

78 

44.3 

0.3 

70.8 

29.9 

28.5 

he a 

20.6  to  43.8 

1 

109 

98.2 

73 

44.6 

0.1 

67.1 

36.8 

39.1 

16.9 

25.2  to  50.8 

1 

110 

51.3 

28 

1.2 

57.6 

22.1 

21.5 

16.2 

9.0  to  34.1 

1 

111 

51.7 

39 

45.3 

2.3 

63.5 

20.2 

17.7 

iiy 

9.6  to  25.5 

1 

112 

51.1 

_ 32 

37.6 

3.6 

76.6 

27.1 

25.4 

16.3 

15.0  to  34.9 

1 

121 

54.0 

27 

30.0 

4.2 

76.8 

28.2 

21.3 

21.1 

9.1  to  4 1 . 1 

1 

123 

55.2 

40 

43.5 

0.3 

68.2 

23.0 

23.3 

16.7 

7.8  to  32.0 

Combined 

467.2 

317 

40.7 

■nw 

76.8 

28.3 

27.8 

17.2 

13.9  to  40.2 

WBBM 

HHH 

BHWI 

BfiH 

JH* fjjB| 

BiPIil 

HUHHi 

RSSi$ 

2 

171 

80.0 

56 

42.0 

0.9 

101.4 

34.1 

34.8 

24.0 

13.7  to  49.5 

2 

172 

80.9 

51 

37.8 

0.7 

91.4 

36.5 

38.1 

24.1 

13.2  to  52.1 

2 

173 

103.2 

67 

39.0 

1.3 

121.4 

43.7 

53.0 

29.2 

11.4  to  62.7 

2 

177 

70.6 

47 

39.9 

0.3 

113.7 

35.7 

36.5 

26.0 

16.4  to  47.4 

2 

178 

63.0 

36 

34.3 

1.5 

69.5 

34.0 

34.8 

16.6 

25.9  to  43.7 

2 

179 

54.3 

32 

35.4 

2.8 

75.1 

30.9 

30.7 

19.9 

15.7  to  44.5 

Combined 

452.0 

289 

38.4 

121.4 

36.6 

36.9 

24.7 

15.8  to  53.2 

HUH 

wmm 

■BHHHI 

ins 

[ggpH 

MM 

3 

51 

71.8 

56 

46.8 

0.7 

104.4 

32.1 

29.2 

23.3 

17.5  to  38.9 

3 

52 

73.9 

57 

46.3 

0.5 

75.2 

31.2 

34.9 

18.7 

15.0  to  46.2 

3 

53 

48 

42.2 

0.5 

94.5 

29.9 

26.5 

20.7 

12.9  to  41.3 

3 

58 

50.5 

29 

34.5 

1.6 

75.0 

27.2 

22.4 

20.4 

11.7  to  38.7 

3 

59 

51.9 

32 

37.0 

4.2 

61.0 

28.6 

33.9 

16.2 

13.0  to  41.2 

3 

60 

52.6 

34 

38.8 

1.6 

58.5 

31.5 

33.4 

16.2 

■QnjXSK3||| 

3 

68 

53.6 

43 

48.1 

4.6 

72.4 

26.4 

25.1 

15.2 

14.7  to  35.1 

3 

69 

53.8 

39 

43.5 

1.2 

78.0 

26.5 

25.6 

16.3 

15.4  to  39.2 

3 

70 

48.8 

39 

48.0 

1.8 

106.4 

28.7 

20.0 

22.6 

12.8  to  40.1 

Combined 

525.1 

375 

42.8 

106.4 

29.4  [ 

26.8 

19.2 

15.0  to  40.9 

■iililM 

Hi 

HMfifl 

— 

MMMU 

4 

78 

95.3 

56 

35.3 

0.1 

63.2 

33.3 

34.0 

18.8 

19.5  to  49.6 

4 

79 

81.9 

53 

38.8 

0.01 

95.1 

27.6 

22.6 

24.0 

6.0  to  47.1 

4 

80 

83.9 

58 

41.5 

0.1 

74.5 

27.8 

23.8 

22.4 

4.9  to  46.0 

4 

85 

52.7 

29 

33.0 

1.2 

75.2 

32.0 

32.5 

21.4 

13.1  to  53.2 

4 

86 

56.0 

34 

36.4 

1.6 

67.9 

22.7 

14.2 

18.1 

8.3  to  35.3 

4 

87 

49.8 

27 

32.5 

0.7 

50.1 

20.6 

14.4 

17.6 

5.0  to  40.7 

4 

96 

44.6 

22 

29.6 

2.0 

73.5 

27.7 

26.8 

21.3 

10.2  to  39.9 

4 

97 

47.0 

24 

30.6 

1.5 

76.6 

24.9 

21.9 

21.0 

5.1  to  43.0 

4 

98 

46.1 

17 

22.1 

0.8 

100.2 

30.5 

27.9 

26.4 

8.4  to  45.0 

Combined 

557.3 

320 

34.5 

HUH 

100.2 

27.9 

25.3 

21.3 

7.8  to  44.5 

wnmmtm 

l 

jgjgBji 

WM&SKk 

MSB  i  M 

M 

■OTEmnroai 

2001.6  | 

1301  1 

39-0  | 

..  «•».  i 

121.4  | 

30.4  | 

28.6 

20.9  | 

11.7  to  43.9  1 
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Table  1-3. 

Summary  statistics  for  azimuth  excursions,  slalom  course,  TIO. 
(expressed  in  degrees) 


Subject 

Run 

Time 

#  of 

Excursions 

Exc/min 

Min 

Max 

Mean 

Median 

S.D. 

IQR 

1 

138 

85.7 

47 

32,9 

0.2 

75.9 

28,0 

28.1 

22.0 

6.6  to  45.4 

1 

139 

109,7 

67 

36.6 

0.7 

93.4 

o 

d 

to 

36.1 

22.3 

7.0  to  49.6 

I 

140 

120.4 

62 

30.1 

0.1 

96.8 

43.3 

23.0 

19.6  to  50.3 

Combined 

«  3 

315.8 

176 

33.4 

32.3 

344 

22.7 

9.1  to  49.6 

. 

1  jiiii 

■■■■ 

!  Ilf  |  lllpllllil 

’  f 

2 

163 

70.0 

39 

33.4 

■IM 

70.1 

WilM 

14.6 

■ESI 

8.3  to  26.9 

2 

164 

82.5 

47 

34,2 

MEM 

56.1 

21.3 

15.9 

15.7 

8.8  to  33.1 

2 

166 

Klill 

35 

26.2 

0,9 

56.7 

22.0 

14.2 

■ai 

3.9  to  40.8 

2 

167 

40 

27.2 

0,5 

83,0 

25.7 

24,1 

21.0 

6.3  to  42.5 

Combined 

320.7 

161 

30.1 

0.5 

83.0 

21.9 

15.9 

18.0 

6.5  to  33.0 

3l(8@i 

if.-Hl 

ft'*'  ^ 

mmsm 

■Hi 

IHHi 

^|> 

3 

144 

HIM 

40 

33.9 

0.50 

59.0 

25.7 

24,2 

15.6 

13.7  to  36.3 

3 

145 

89.3 

53 

35.6 

■lt« 

61.1 

22,0 

15.3 

11.8  to  30.9 

3 

146 

97.9 

60 

36.8 

mm 

76,7 

12.1 

■MB 

6.5  to  28.0 

3 

155 

71.9 

46 

38.4 

wm 

77.9 

mxwm 

20,0 

aria 

11.6  to  29,5 

3 

157 

«!■ 

43 

30.6 

0,8 

M/if 

15.4 

12.8 

16.3 

4.1  to  16,4 

Combined 

414.4 

242 

35.0 

0.5 

77.9 

21.1 

17.0 

16.4 

8.3  to  29.5 

?8B  ESK8 

t  HM 

■  1 1 

™ 

'  N  '*  “ 

P;JI:S53 

:  "Sik 

4 

None 

ills  .  . 

. 

*1... ;  : 

■■K 

• 

AH 

Subjects 

1050.9 

579 

33.1 

0.1 

96.8 

24.7 

20.5 

19.6 

8.0  to  38.7 

Table  1-4. 

Summary  statistics  for  azimuth  excursions,  slalom  course,  RWS. 
(expressed  in  degrees) 


Subject 

Run 

Time 

#  of 

Excursions 

Exc/min 

Min 

Max 

Mean 

Median 

S.D. 

IQR 

1 

141 

106.2 

50 

|  28.2 

1.1 

81.4 

23.1 

17.2 

21.4 

3.8  to  41.6 

1 

142 

102.0 

59 

34.7 

0.2 

56.5 

18.1 

10.6 

17.8 

2.7  to  32.7 

1 

143 

120.0 

67 

33.5 

0.1 

65.5 

26.7 

28.6 

22.1 

3.5  to  46.1 

Combined 

1 

328.2 

176 

32.2 

0.1 

81.4 

22.8 

16.4 

20.8 

3.1  to  41.6 

1;'  ’•  ’ 

2 

168 

83.2 

35 

25.2 

0.3 

12.6 

4.0 

16.2 

2.6  to  21.1 

2 

169 

89.1 

41 

27.6 

I  0.4 

49.5 

14.2 

4.6 

16.2 

2.4  to  27.2 

2 

170 

101.1 

45 

26.7 

0.03 

55.2 

12.9 

3.4 

17.4 

1.9  to  16.8 

2 

174 

63.6 

22 

20.8 

0.3 

56.0 

21.4 

20.1 

17.6 

4.5  to  32.7 

2 

175 

65.0 

26 

24.0 

0.7 

60.8 

■>:MI 

8.9 

18.8 

4.0  to  36.8 

2 

176 

63.8 

26 

24.5 

0.2 

46.4 

12.5 

6.6 

14.0 

1.4  to  20.2 

Combined 

■ 

465.8 

195 

25.1 

0.03 

62.4 

14.8 

mzm 

16.8 

2.2  to  27.8 

mMr  ■: • :  •/  •:  \ 

■ 

3 

158 

71.2 

29 

24.4 

0.2 

85.1 

16.9 

7.19 

18.4 

2.5  to  18.5 

3 

159 

94.8 

42 

26.6 

0.1 

57.1 

5.2 

14.9 

1.4  to  15.7 

3 

161 

61.2 

28 

27.5 

0.2 

63.8 

15.4 

6.5 

18.4 

2.7  to  18.0 

3 

162 

55.3 

22 

23.9 

0.4 

92.7 

16.4 

3.8 

24.1 

KEEIEEfll! 

3 

180 

59.6 

30 

30.2 

0.6 

96.1 

21.7 

18.8 

■>w 

4.4  to  32.4 

3 

181 

58.9 

36 

36.7 

0.8 

57.6 

18.0 

15.0 

14.8 

6.0  to  27.9 

3 

182 

52.9 

20 

22.7 

1.0 

71.2 

20.5 

12.4 

20.8 

3.0  to  33.5 

3 

183 

43.9 

22 

30.1 

1.0 

98.4 

20.5 

7.9 

25.4 

3.5  to  30.6 

Combined 

497.8 

229 

27.6 

HU 

98.4 

16.8 

8.3 

19.3 

2.7  to  26.1 

mi  ‘4,:  :X 

-  ■  .■  -f 

•••  '  :■ 

^73 

4 

None 

■ 

M 

1291.8 

600 

27.9 

HI 

98.4 

17.9 

8.2 

19.2 

HI 

138 


139 
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147  148  149  150  151  152  153  154  Combined 


Figure  J-5.  Subject  #2  GVE  excursion  box-plots. 
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171  172  173  177  178  179  Combined 

Figure  J-6.  Subject  #2  NVG  excursion  box-plots. 
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Figure  hi.  Subject  #2  TIO  excursion  box-plots. 
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Figure  J-8.  Subject  #2  RWS  excursion  box-plots. 
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Figure  J-10.  Subject  #3  NVG  excursion  box-plots. 


144 


ill 


"* - =F= - * - -i r - - =*= - - =i=  r 

29  42  28  2230  362022229 


158  159  161  162  180  181  182  183  Combined 

Figure  J- 1 2.  Subject  #3  RWS  excursion  box-plots. 
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Appendix  K. 


Azimuth  velocity  distributions. 
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Frequency 


Figure  K-l.  Subject  #1  GVE  head  velocity  distributions  with  cumulative  frequency 


curves. 
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Figure  K-2.  Subject  #1  NVG  head  velocity  distributions  with  cumulative  frequency 
curves. 
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Figure  K-4.  Subject  #1  RWS  head  velocity  distributions  with  cumulative  frequency 
curves. 
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Figure  K-6.  Subject  #2  NVG  head  velocity  distributions  with  cumulative  frequency 

curves. 


Figure  K-7.  Subject  #2  TIO  head  velocity  distributions  with  cumulative  frequency 
curves. 
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Figure  K-8.  Subject  #2  RWS  head  velocity  distributions  with  cumulative  frequency 


curves. 
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Figure  K-9.  Subject  #3  GVE  head  velocity  distributions  with  cumulative  frequency 


curves. 
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Figure  K- 1 1 .  Subject  #3  TIO  head  velocity  distributions  with  cumulative  frequency 


curves. 
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Figure  K- 12.  Subject  #3  RWS  head  velocity  distributions  with  cumulative  frequency 
curves. 
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Frequency  Frequency 


Figure  K- 14,  Subject  #4  NVG  head  velocity  distributions  with  cumulative  frequency 
curves. 
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Appendix  L 

Azimuth  velocity  summary  tables  for  combined  distributions. 
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Table  L-l. 

Summary  statistics  for  azimuth  velocity,  slalom  course,  GVE. 
(velocity  values  expressed  in  degrees/sec,  time  in  seconds) 


Subject 

Run 

Time 

Min 

Max 

Mean 

Median 

S.D, 

Skewness 

Kurtosis 

1 

116 

76.9 

0 

297 

24.3 

12 

34.8 

3,5 

16,0 

1 

117 

75.7 

0 

350 

20.3 

9 

33.1 

4.7 

32,1 

1 

118 

76.9 

0 

344 

20.6 

9 

33,4 

4.8 

33,8 

1 

119 

76.0 

0 

132 

20.8 

10 

26.1 

1.9 

3.2 

1 

128 

45.2 

0 

171 

20.5 

11 

24.1 

2.5 

00 

1 

129 

48.1 

0 

»!>?<■ 

20.5 

11 

WiB 

4.8 

30.7 

1 

130 

48.6 

0 

312 

23.4 

14 

33,3 

4,6 

28.8 

1 

131  • 

43.8 

0 

202 

24.3 

13 

MM 

2.3 

6.5 

1 

132 

45.6 

0 

267 

23.3 

15 

31,7 

3.9 

20.7 

1 

133 

49.8 

0 

154 

20.4 

14 

21,7 

2.3 

7,3 

1 

134 

51.1 

0 

116 

20.1 

12 

23.6 

1,9 

3.4 

1 

135 

52.9 

0 

320 

23.4 

12 

34.6 

4.0 

21.5 

Combined 

690.6 

0 

350 

21.8 

12 

30.5 

3.9 

24.0 

Ir 

T":''  V-8 

. 

^8 .  -  - 

■MMi 

- 

o 

2 

147 

68.4 

0 

25.6 

14 

34.4 

3.4 

18.6 

2 

148 

65.1 

0 

362 

22.0 

11 

31.0 

4,4 

33.0 

2 

149 

71.7 

0 

320 

23.6 

11 

33.7 

3.2 

15.5 

2 

150 

73.9 

0 

27.2 

13 

33.9 

2.1 

4.7 

2 

151 

47.0 

0 

298 

27.7 

14 

37.7 

2.9 

11.6 

2 

152 

52.2 

0 

348 

24.8 

12 

3,6 

19,7 

2 

153 

51.7 

0 

339 

21,1 

9 

■ftf'.M 

4,9 

30,7 

2 

154 

50.4 

0 

288 

26.2 

14 

33.7 

2.9 

11.9 

Combined 

480.4 

0 

362 

24.8 

12 

34.4 

3.4 

h  17.5 

:t;: : 

tj 

SP111111IS 

//  v/  ~ 

I 

J  > 

■■■ 

3 

47 

74.8 

0 

144 

20.7 

13 

22.4 

2.0 

4.9 
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Table  L-2. 

Summary  statistics  for  azimuth  velocity,  slalom  course,  NVG. 
(velocity  values  expressed  in  degrees/sec,  time  in  seconds) 
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Table  Lr3. 

Summary  statistics  for  azimuth  velocity,  slalom  course,  TIO. 
(velocity  values  expressed  in  degrees/sec,  time  in  seconds) 
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Table  L-4. 

Summary  statistics  for  azimuth  velocity,  slalom  course,  RWS. 
(velocity  values  expressed  in  degrees/sec,  time  in  seconds) 
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Appendix  M. 


Azimuth  velocity  box-plots. 
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H  RWS  head  velocity  box- plots. 
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Figure  M-8.  Subject  #2  RWS  head  velocity  box-plots. 
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Figure  M-13.  Subject  #4  GVE  head  velocity  box-plots. 
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